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Embryonic plasticity is an essential feature during early development, which allows 
embryos to, to some extent, recover from various forms of environmental perturbations 
throughout embryogenesis. The anterior-posterior (AP) neural axis plasticity in 
particular, which focuses on the ability of the embryos to repattern their AP neural axis, 
has received much of the attention. Previous data from our lab has indicated that the 
window of AP neural axis plasticity is between mid- and late gastrula stage; RNA-Seq 
also provided us with a list of candidate genes that may contribute to AP neural axis 
plasticity. The current research further analyzed the temporal aspect of the AP neural 
axis plasticity, and showed that recovery from AP neural axis rotation, which occurs in 
an evenly progressive fashion, starts at neural plate stage (St. 14) and is mostly finished 
by mid-neurula stage (St. 16). This research also for the first time comprehensively 
characterized the spatiotemporal expression patterns of the trpv channels during early 
development, which was among the candidate genes identified in preliminary 
experiments. Our results showed that trpv channels have unique yet related patterns of 
embryonic expression, suggesting that they play diverse and critical roles during early 
embryogenesis. We also performed functional analysis on trpv4, whose expression 
pattern suggests a potential role in the determination and patterning of neuroectoderm. 
Results showed that trpv4 is likely responsible for promoting the fate towards 























Chapter 1. Introduction 
Overview 
One of the hallmarks of embryonic development is the embryos’ ability to respond to a 
diverse array of environmental changes, a phenomenon known as plasticity (Skipper et 
al., 2010). Plasticity allows organisms to develop normally even under certain degrees 
of perturbations; however, we often see diminished plasticity at later stages of 
development. One such example of plasticity is the AP neural axis plasticity, which is 
concerned with the ability to repattern the AP neural axis. Understanding the molecular 
mechanisms behind AP neural axis plasticity is not only crucial for the basic sciences of 
developmental biology, but also could contribute to translational biomedical research, 
such as treatment for spinal cord injuries. Our preliminary data on the AP neural axis 
plasticity in Xenopus laevis indicates that the window of such plasticity is between mid- 
and late gastrula stage; we have also identified a list of candidate genes that might 
contribute to AP neural axis plasticity through RNA-seq analysis. In order to further 
address the problem of AP neural axis plasticity, this thesis will first conduct a brief 
review of the literature on anterior-posterior (AP) neural axis patterning and plasticity in 
general to provide further background on the topic. It will then conduct a temporal 
analysis of the AP neural axis plasticity in embryonic Xenopus laevis; it then for the first 
time comprehensively characterized the spatiotemporal expression patterns of the trpv 
channels, a sub family of genes that are on the candidate gene list; finally, it will conduct 
functional analysis on trpv4, a gene whose expression pattern strongly suggests a role 
in neuroectodermal determination and patterning, which is closely connected to the 
issue of AP neural axis plasticity.  
 
AP Neural Axis Patterning 
The issue of AP neural axis plasticity is also closely related to that of AP patterning 
during early embryonic development. The process of AP patterning starts at the onset of 
gastrulation when the dorsal blastopore lip, known as the organizer, secretes BMP 
antagonists Noggin, Chordin, Follistatin, and Xnr3, and Wnt antagonists Frzb-1, Dkk1, 
sFRP2, Crescent, and Tiki (Carron and Shi, 2016) (Sup. Figure 4). Since BMP signaling 
promotes the epidermal fate while Wnt signaling is ventralizing and posteriorizing, 
inhibiting these two signaling pathways allowed for the induction of the dorsal 
neuroectoderm by the organizer (Carron and Shi, 2016). According to the activation-
transformation theory, at this point, all of the presumptive neuroectoderm are “activated” 
to an anterior fate. It is later during the transformation phase when the more posterior 
regions of the neuroectoderm are committed to their respective caudal identity 
(Nieuwkoop, 1952; Slack and Tannahill, 1992; Gamse and Sive, 2000; Niehrs, 2004). 
This process is mostly achieved through several morphogen gradients established 
along the AP neural axis following neural induction (Sup. Figure 4). For example, Wnt 
level is kept low at the anterior and is higher at the more posterior regions, because the 
canonical Wnt signaling pathway is able to promote a posterior neural fate (Kiecker and 
Niehrs, 2001). Similarly, the level of FGFs, which also possesses posteriorizing activity, 
gradually increases from anterior to posterior regions as well (Cox and Hemmati-
Brivanlou, 1995). BMPs also increases in an anterior to posterior fashion and are shown 
to induce different structures along the AP axis at different concentrations (Wilson et al., 
1997). On the other hand, retinoic acid (RA) levels are the highest at the hindbrain 
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region and remained low at either more anterior or posterior regions, as RA is crucial for 
hindbrain patterning and could prevent the formation of anterior tissues (Sive et al., 
1990; Carron and Shi, 2016). These morphogens then activate different target genes 
downstream of their signaling pathways in a concentration dependent manner within the 
neuroectoderm along the AP neural axis. These genes in turn instruct cells to commit to 
regionally specific cell fate (Cho and De Robertis, 1990; Pownall et al., 1996; Haremaki 
et al., 2003; Pilon et al., 2007; Faas and Isaacs, 2009; Li et al., 2009; van de Ven et al., 
2011; Elkouby et al., 2012; Bardine et al., 2014; Young et al., 2014; Exner et al., 2017). 
Thus, it’s evident that AP patterning is a gradual process, starting with all cells within the 
neuroectoderm competent to form any tissue along the AP axis, and then gradually 
determined and finally committed to a specific regional cell fate. This progress in AP 
patterning will inevitably be coupled with diminishing AP neural axis plasticity. 
 
Plasticity 
Plasticity refers to the ability of cells, tissues, or organisms to respond to the ever 
changing external and internal environment, including various forms of perturbations 
(Skipper et al., 2010). This ability not only holds enormous potential for therapeutic 
applications such as stem cell therapy and regenerative medicine, but is also an integral 
part of the mechanisms governing embryonic development. Therefore, a plethora of 
approaches have been employed by scientists to discover the extent and mechanisms 
of plasticity. That include tissue transplantations, ablations, heat shock, chemical 
treatment, and genetic perturbations (Spemann, 1906; Sive et al., 1990; Summerton 
and Weller, 1997; Davidson et al., 1999; Schaefer and Ryan, 2006). Different 
researchers have focused on different types of plasticity, including genomic, synaptic, 
and phenotypic plasticity (Ho et al., 2011; Kelly et al., 2012; Vandecraen et al., 2017). 
Genomic plasticity refers to the ability of an organism’s genome to tolerate a number of 
changes, including whole genome duplication, gene insertion and deletion, and the 
mobility of transposable elements (Leitch and Leitch, 2008). Such ability is crucial for 
most of the bacterial pathogenesis events, where bacteria can take up pathogenic or 
antibiotic resistant genes from the environment, or when changes to the genome 
mediated by chemical (mutagens) or genetic (transposons) forces cause pathogenic 
mutations within the bacterial genome (Bennett, 2004). In addition, genome plasticity 
also allows the viability of polyploidy species, which is very common in plants but also 
prevalent among the Xenopus genus (Leitch and Leitch, 2008; Session et al., 2016). 
These changes have allowed the resulting new species to acquire new phenotypes and 
an edge over competitors (Leitch and Leitch, 2008). Another type of plasticity is the 
synaptic plasticity. It is referred to as the ability of the synapses to change their strength 
of connection in response to the levels of their activity (Malinow and Malenka, 2002). 
While short term synaptic plasticity is likely caused by the accumulation of Calcium ions, 
long term synaptic plasticity is likely attributed to the activation of NMDA receptors (for a 
review, see Citri and Malenka, 2008). Synaptic plasticity is commonly believed to be the 
basis of learning and memory, depression, and addiction (Martin et al., 2000; Kauer and 
Malenka, 2007; Citri and Malenka, 2008). A third form of plasticity is the phenotypic 
plasticity, which is the ability of a one genotype to produce multiple phenotypes as a 
response to different environments. Such plasticity has been shown to be the result of 
differential gene expression under different environmental stimuli (Schlichting and 
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Smith, 2002). Phenotypic plasticity is not only an important mechanism in evolution 
(Schlichting and Smith, 2002), but is also closely related to development and diseases 
caused by altered gene expressions (Feinberg, 2007). Another form of plasticity, the AP 
neural axis plasticity, have also received much of the attention in the studies. It is 
primarily focused on the ability of an organism, usually an embryo, to repattern its AP 
neural axis in the face of perturbations. Many approaches, including explant sandwich 
and morphogen chemical treatment (Sive et al., 1990; Saha and Grainger, 1992), have 
been employed to investigate this issue. They found that the regional fate of the 
neuroectoderm is fixed only at neural plate stage (St. 14) (Saha and Grainger, 1992), 
and retinoic acid’s ability to alter the AP neural axis decreases between mid-gastrula 
stage (St. 11.5) and neural plate stage (St. 14) (Sive et al., 1990). However, most 
studies on this topic have used the rotation transplantation approach, which will be 
reviewed in the background of temporal analysis of AP neural axis plasticity. 
 
Summary 
The experiments performed in this thesis will be presented in three chapters. Chapter 2 
will first review the preliminary data on the window of AP neural axis plasticity, as well 
as the relative involvement of ectoderm and mesoderm in such events; it will then 
present our current investigation into the temporal aspect of AP neural axis plasticity. 
Chapter 3 will start by presenting the preliminary data on our RNA-seq experiments, 
which produced a list of candidate genes that might contribute to AP neural axis 
plasticity. It will then for the first time conduct a comprehensive spatiotemporal 
expression analysis of the trpv channels during early development, whose member is 
on the candidate gene list. Chapter 4 will present current results on the functional 
analysis of trpv4. An overall conclusion and future direction of the research will follow 
the presentation of all experiments. Finally, the appendix will consist of supplementary 
data on the ISH of candidate genes in transplant embryo and the Xenopus protein 



















Chapter 2. Temporal Analysis of AP Neural Axis Plasticity 
Background 
The vertebrate AP neural axis plasticity during early embryonic development has been a 
longstanding theme in the field of developmental biology. The ultimate goal of the 
research is to understand how embryos repattern their AP neural axis in the face of 
perturbations to their normal AP patterning processes. The rotation transplantation of 
neural tissues across different embryonic locations at various stages is a major way to 
examine AP neural axis plasticity, since the nature of such plasticity can be revealed by 
the degrees of recovery by transplant embryos later in development (for review, see 
Solini et al., 2017). The first AP neural axis reversal experiment were performed by 
Spemann (1906, 1912), who rotated portions of the anterior neural plate and underlying 
mesoderm of neural plate stage newt embryos. The rotated tissue maintained its 
previous identity and developed according to its prior position in the embryo, although 
the result was partially attributed to the vertical signaling from rotated mesoderm 
(Roach, 1945). Later, rotation transplantations of only the neural ectoderm at neural 
plate stage exhibited rather conflicting results, with some transplants showing complete 
recovery (Sládeček, 1955; Nicholas, 1957) when others developing in reverse 
orientation (Roach, 1945). These inconsistencies were later attributed to the different 
sizes of rotated tissues in different experiments (Jacobson, 1963), since Sládeček and 
Nicholas only transplanted a small portion of the neuroectoderm while Roach rotated 
the entire neuroectoderm (Roach, 1945; Sládeček, 1955; Nicholas, 1957). When Szaro 
et al. transplanted Xenopus laevis prospective spinal neuroectoderm tissue to 
presumptive eye and prosencephalic regions at neural plate stage, a mixture of anterior 
and posterior features at the transplant regions was observed, and it was concluded 
that the patterning of the AP axis is relatively fixed by the neural plate stage (1985). 
Additionally, the transplantation of anterior neural plate to more posterior positions 
showed full posterior characteristics at mid-gastrula stage and no posteriorization at 
mid-neurula stage (Nieuwkoop and Albers, 1990). Thus, aside from corroborating Szaro 
et al.’s results, it was also found that during early to mid-gastrula stage, the AP 
characteristics of presumptive neuroectoderm was not yet determined (Waddington and 
Yao, 1950; Nieuwkoop and Albers, 1990). These findings together proposed a window 
of AP neural axis plasticity between early/mid-gastrula stage and neural plate stage 
(Solini et al., 2017). Since these experiments were completed prior to the availability of 
molecular tools, they relied on histology and cell shape to distinguish the regional 
identities of cells along the AP axis. Most of them, with the exception of Szaro et al. 
(1985), also lacked unambiguous donor-host tissue marking. Such issues made it hard 
to precisely measure if a tissue has maintained its previous patterning or changed its 
fate according to the new environment. While these problems can now be resolved with 
the availability of cellular lineage tracers as well as molecular genetic markers, current 
research on AP neural axis plasticity tends to focus on the plasticity of much smaller 
regions of tissue along the AP axis (Guthrie et al., 1992; Kuratani and Eichele, 1993; 
Prince and Lumsden, 1994; Grapin-Botton et al., 1995; Simon et al., 1995; Itasaki et al., 
1996; Saldivar et al., 1996; Grapin-Botton et al., 1997; Grapin-Botton et al., 1998; 
Schilling et al., 2001; Staudt and Houart, 2007; Girdler et al., 2013), rather than that of 





To build on the current understanding of AP neural axis plasticity, Bolkhovitinov et al. 
have attempted to examine the ability of the embryos to re-pattern its entire AP neural 
axis using molecular tools (unpublished). Xenopus laevis was employed for this study, 
because every mating produces thousands of fertilized embryos, its central nervous 
system is accessible during all stages of development, it has a fast growth rate, and 
grows in defined media, thus making embryological manipulations much easier and 
more cost-effective (Tadjuidje and Heasman, 2010). At mid- or late gastrula stage, 
Bolkhovitinov et al. performed presumptive neural ectoderm transplants that were either 
in its original orientation (Sham) or rotated 180 degrees (Rotated), and then assayed 
their degrees of recovery by analyzing the colocalization between transplant tissues and 
regional marker genes expression along the AP neural axis (unpublished). We used 
four marker genes: XCG-1 (cement gland), Otx2 (eyes and forebrain), En2 (midbrain 
and hindbrain boundary), and Krox20 (rhombomere 3 and 5). Our analysis indicated 
that both mid-gastrula and late gastrula Sham transplants have normal patterns of 
marker gene expression; however, mid-gastrula Rotated transplant embryos have 
significantly higher levels of normal marker genes expression at late neurula stage than 
late gastrula Rotated embryos; such difference is more obvious at hatching stage, when 
mid-gastrula Rotated embryos have both more appropriate marker gene expression and 
less inappropriate marker gene expression than the late gastrula Rotated transplants 
(Bolkhovitinov et al., unpublished). We have also found that when donor and host 
embryos are of different stages, switching the age of donor and host doesn’t affect their 
degree of recovery (Bolkhovitinov et al., unpublished). Taken all the evidence together, 
we identified a narrower window of AP neural axis plasticity between mid- and late 
gastrula stage, and also concluded that both the competence of the donor ectoderm 
and inductive ability of the host mesoderm contribute to AP neural axis plasticity. 
Together, these results provided us with a much more refined understanding of the 
extent of AP neural axis plasticity in Xenopus laevis embryos. However, we still have no 
knowledge of the temporal aspect of the AP neural axis plasticity. In order to uncover 
when the embryos start and complete their recovery from AP neural axis rotation, as 
well as the fashion in which they do so, we have performed mid- and late gastrula 
Rotated transplants and fixed the embryos at neural plate stage (St. 14) and mid-
neurula stage (St. 15 and 16) that are intermediate between the time of surgery and late 
neurula stage, which we know recovery would have already been completed. Analysis 
was performed similar to prior part of the research through colocalization of marker 
genes and transplant tissues. 
 
Introduction 
Based on our preliminary data, we have discovered that by late neurula stage (St. 18), 
mid-gastrula Rotated embryos have similar marker gene expression patterns as sibling 
control and both Sham transplant group embryos, but exhibited statistically significantly 
higher levels of correct marker gene expression at transplant tissues. This is indicative 
that by late neurula stage (St. 18), mid-gastrula Rotated embryos have completed their 
recovery from the rotation of their AP neural axis. However, when we compare 
transplants at late neurula stage (St. 18) with those fixed at hatching stage (St. 30), we 
see some evidence of continued recovery from transplantation and rotation even after 
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late neurula stage (St. 18). Even though there are no statistically significant differences 
in the levels of appropriate or inappropriate marker gene expression between 
transplants fixed at late neurula stage and hatching stage, comparisons within the same 
fixed stage suggest a more complete recovery of mid-gastrula Rotated embryos at 
hatching stage. Not only does mid-gastrula Rotated embryos have significantly higher 
levels of correct marker gene expression than late gastrula Rotated embryos, the former 
also has significantly lower levels of inappropriate marker gene expression than the 
latter, suggesting that between late neurula stage and hatching stage, mid-gastrula 
Rotated embryos may further repressed marker gene expression at ectopic locations. 
 
This interesting dynamic turned our focus onto the temporal aspect of AP neural axis 
plasticity. Knowing that recovery from AP neural axis rotation has completed at late 
neurula stage (St. 18), we could therefore deduce that the majority of the recovery and 
repatterning events will occur between the time of the surgery and late neurula stage 
(St. 18). Knowing when and how recovery from rotation occurs is essential to our 
understanding of AP neural axis plasticity as well. The exact time points when such 
repatterning starts and finishes could provide us with information on not only the speed 
of the transplant embryos’ recovery, thus implicating the robustness of their AP neural 
axis plasticity as well as the degrees of perturbation caused by the complete reversal 
the entire presumptive neuroectoderm, but also how quickly can embryos start 
responding such perturbation. A relatively quick response may suggest that cells within 
the presumptive neuroectoderm have not yet been on their path to a certain cell fate far 
enough, so that it’s easy for them to transition to another lineage; a slower response 
could indicate that cells have proceeded on the path to a regional identity long enough 
that it requires more complex transcriptional and epigenetic programs to recommit to a 
different cell fate. In addition, the manner in which Rotated embryos recover could also 
provide useful information on AP neural axis plasticity. A drastic recovery at a certain 
stage could indicate an important developmental time point in the process of AP 
patterning, whereas a more gradual recovery will show that such events are a 
progressive and evened process. 
 
Experiment Overview 
In order to address the temporal aspect of AP neural axis plasticity, mid- and late 
gastrula Rotated transplants were performed and fixed at neural plate stage (St. 14) and 
mid-neurula stages (St. 15 & 16). For this experiment, Sham transplantations were not 
performed, since we already know from preliminary data that marker genes are properly 
expressed in Sham embryos regardless of the timing of the surgery. We also know from 
preliminary data that late gastrula Rotated transplants aren’t able to recover from the 
rotation of AP neural axis, so the marker gene expression of late gastrula Rotated 
transplants will be used as a baseline for comparison with the marker gene expression 
of mid-gastrula Rotated transplants. If the two groups differ significantly on the levels of 
correct or ectopic marker gene expression at a given stage, then it indicates that mid-
gastrula Rotated embryos have largely completed its recovery from AP rotation. 
Transplant embryos were fixed starting at neural plate stage (St. 14), since that is the 
stage by which late gastrula Rotated embryos would have completely healed. Three 
marker genes, Otx2 (forebrain and eyes), En2 (midbrain and hindbrain boundary), and 
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Krox20 (rhombomere 3 & 5), out of the four used in preliminary data, were employed in 
this experiment to ensure the consistency of the research. XCG-1 (cement gland) was 
not used as a marker gene in this experiment, since it’s not expressed until mid-neurula 
stage (St. 16) (data no shown). Our results indicate that recovery from the AP neural 
axis rotation start at neural plate stage (St. 14) and is largely complete by mid-neurula 
stage (St. 16), and such recovery is in a stepwise, progressive fashion. This suggests 
that the AP neural axis plasticity is highly robust and responds to perturbation in a timely 
manner. 
 
Materials and Methods 
Embryo collection and fldx injection 
Xenopus laevis embryos were obtained with HCG injection, dejellied, and bilaterally 
injected with 4.6 nl 10% FLDx according to Sive et al (2000). Injected embryos were 
then raised in 0.1X MMR with 4% ficoll, and fluorescent screening was performed right 
before mid-gastrula stage (St. 11.5). 
 
Neural ectoderm transplantation 
Embryos were staged according to Nieuwkoop and Faber (1994). Mid-gastrula (St. 
11.5) and late gastrula (St. 12.5) stage embryos were selected for surgery. FLDx 
injected embryos were used as donors and uninjected embryos as hosts. In 1/3X MMR 
with 4% ficoll, the embryos were devitellinated and the medial 50% along the anterior- 
posterior (AP)axis of presumptive neural ectoderm during gastrulation was removed. 
The explant from donor was transplanted to the host. The explant’s original AP axis was 
rotated 180° (Rotated transplant) relative to the host’s axis (Figure 1). A glass chip was 
placed over the transplant to facilitate incorporation, after which the embryos were 
transferred to 0.1X MMR with 4% ficoll. Transplant embryos were grown to neural plate 
stage (St. 14) and mid-neurula stages (St. 15 & 16), based on the staging of sibling 
embryos. They were then imaged for both bright field and fluorescence, and fixed in 1X 
MEMFA for subsequent analysis. 
 
Figure 1. Diagram of transplant method. Fluorescein-injected donor embryo is on the left and 
uninjected host embryo is on the right. Dorsal view with anterior up and posterior down. This 




Double chromogenic in situ hybridization and whole mount imaging 
Whole-mount in situ hybridization (ISH) was performed as described by Sive et al. 
(2000) for Otx2, En-2, and Krox20. The first color reaction for the gene of interest was 
performed with NBT/BCIP, resulting in a purple stain. Then the embryos were incubated 
in anti-fluorescein-AP antibody, and underwent a second color reaction using BCIP to 
mark the location of the FLDx-injected transplanted tissue in a blue stain. After ISH, 
embryos were fixed in Bouin’s fixative, bleached to remove pigmentation, and imaged in 
whole mount. 
 
Histology and imaging of slides 
Embryos were paraffin sectioned into 18μm-thick transverse sections, coverslipped, and 
imaged at 10X magnification. 
 
Histology analysis  
Embryos were scored in three categories: “New on”, “Host on”, and "Old off". "New on" 
refers to the extent of correct marker gene expression colocalized with transplanted 
neural tissue. “Host on” refers to the extent of correct endogenous marker gene 
expression in host embryos. "Old off" refers to the extent of ectopic marker gene 
expression colocalized with transplanted neural tissue. The definition of co-localization 
contained three criteria: 1) If the transplant was contiguous with the host gene 
expression, 2) If the host gene expression was flanked by two areas of transplant on the 
same side, 3) If the transplant was directly dorsal to the gene expression on the same 
side (Figure 2). Fluorescent ISH was performed to ensure it labels the transplanted 
tissue the same way as chromogenic ISH (data not shown). Scores were assigned 
qualitatively as 0, 1, 2, or 3, representing 0-25%, 25-50%, 50-75%, or 75-100%  of full 
expression, respectively. Both whole mount and sectioned images were used for 
scoring. 
 
Figure 2. Globally enhancing the blue color indicates colocalization between transplant tissue 
and marker gene expression. a, b, c: original image; a’, b’, c’: images with enhanced blue color. 
Solid arrowhead indicates gene expression colocalized with transplant tissue (New On or Old 
Off), empty arrowhead indicates endogenous gene expression (Host On) 
 
Statistical analysis 
Group differences in New On and Old Off scores were compared using Welch’s 
ANOVA. Scores from the three regional marker genes were pooled and analyzed 













Figure 7. Representative whole mount and histology images for Sibling Control embryos from 
neural plate stage (St. 14) to mid-neurula stage (St. 16). For whole mount images, dorsal is 
facing up, anterior is to the right; for histology images, dorsal is facing up. Purple stain marked 





Figure 3. Representative examples of expression of regional marker genes in mid-gastrula 
Rotated transplants at neural plate stage (St. 14) and mid-neurula stages (St. 15 & 16). Dorsal 
view for all embryos, anterior is to the right. Purple stain marked with a solid arrowhead 




Figure 4. Representative examples of expression of regional marker genes in late gastrula 
Rotated transplants at neural plate stage (St. 14) and mid-neurula stages (St. 15 & 16). Dorsal 
view for all embryos, anterior is to the right. Purple stain marked with a solid arrowhead 





Figure 5. Representative histology for mid-gastrula Rotated transplants at neural plate stage 
(St. 14) and mid-neurula stages (St. 15 & 16). Dorsal is facing up. Purple stain marked with a 
solid arrowhead indicates gene expression colocalized with transplant tissue, purple stain 
marked with an empty arrowhead indicates endogenous gene expression, and blue stain 
indicates transplant incorporation. As embryos develop from neural plate stage (St. 14) to mid-
neurula stage (St. 16), sections showed progressive activation of correct marker gene 




Figure 6. Representative histology for late gastrula Rotated transplants at neural plate stage 
(St. 14) and mid-neurula stages (St. 15 & 16). Dorsal is facing up. Purple stain marked with a 
solid arrowhead indicates gene expression colocalized with transplant tissue, purple stain 
marked with an empty arrowhead indicates endogenous gene expression, and blue stain 
indicates transplant incorporation. As embryos develop from neural plate stage (St. 14) to mid-
neurula stage (St. 16), marker gene expression at appropriate and inappropriate locations 




Figure 8. Histology scores for mid- and late gastrula Rotated transplants from neural plate 
stage (St. 14) to mid-neurula stage (St. 16). When the extent of correct maker gene expression 
was compared between groups, for mid-gastrula Rotated embryos, mid-neurula stage (St. 15) 
embryos have significantly higher levels of expression than neural plate stage (St. 14) embryos 
(p=0.025), and stage 16 (mid-neurula) embryos have significantly higher levels of expression 
than both neural plate stage (St. 14) (p=0.000) and stage 15 (mid-neurula) (p=0.004) embryos; 
mid-neurula stage (St. 16) mid-gastrula Rotated embryos also have significantly more correct 
marker gene expression than mid-neurula stage (St. 16) late gastrula Rotated embryos 
(p=0.000). 
 
With mid-gastrula Rotated embryos mostly finished with their recovery from AP neural 
axis rotation at late neurula stage (St. 18), we were interested in the exact time course 
of their recovery. We thus performed mid- and late gastrula Rotated transplants and 
fixed them at neural plate stage (St. 14) or mid-neurula stage (St. 15 and 16) (Figure 3-
6). Their recovery was then assayed by performing ISH for marker genes Otx2, En-2, 
and Krox20, whose endogenous expression are at the presumptive forebrain, midbrain 
and hindbrain boundary, and hindbrain (rhombomere 3 and 5) (Figure 7). XCG-1 was 
not used as a regional marker gene, because its endogenous expression wasn’t fully 
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activated until mid-neurula stage (St. 16) (data not shown). There were indeed 
significant differences in their ability to activate correct marker gene expression 
(p=0.000) (Figure 8). Analysis showed that for all mid-gastrula Rotated embryos, those 
fixed at neural plate stage (St. 14) and mid-neurula stages (St. 15 and 16) all had 
significantly different levels of correct marker gene expression from one another, with 
older stages having higher expression levels. On the contrary, late gastrula Rotated 
embryos showed no significantly different activation of correct marker genes between 
any stages. Mid-gastrula Rotated transplants also only have significantly more correct 
marker gene expression than late gastrula Rotated ones at mid-neurula stage (St. 16). 
These data indicated a progressive activation of correct marker gene expression in 
transplant tissues that started at neural plate stage (St. 14), and was largely complete 
by mid-neurula stage (St. 16). Such result could also be observed qualitatively in 
histology images. For example, for mid-gastrula Rotated embryos, Krox20 signal shows 
no colocalization with transplant tissue at neural plate stage (St. 14) (Figure 5). At mid-
neurula stage (St. 15), we could see a small degree of colocalization between Krox20 
signal and transplant tissue on the right half of the section, although such signal does 
not fully recapitulate the correct endogenous signal (Figure 5). Finally, at mid-neurula 
stage (St. 16), Krox20 signal shows a high level of colocalization with transplant tissue 
and also resembles correct endogenous Krox20 expression pattern (Figure 5). On the 
contrary, for late gastrula Rotated embryos, Krox20 signal is never colocalized with 
transplant tissue at neural plate stage (St. 14) and mid-neurula stages (St. 15 & 16) 
(Figure 6). Similar patterns of marker gene colocalization could also be observed in 
Otx2 and En2 as well (Figure 5 & 6). Mid- or late gastrula Rotated embryos did not differ 
in their ability to repress marker gene expression at ectopic locations among different 
stages (p=0.115). This isn’t surprising, given that in preliminary data, mid-gastrula Sham 
and Rotated embryos didn’t have significantly different levels of ectopic marker gene 
expression even at late neurula stage (St. 18). 
 
Discussion 
Since mid-gastrula Rotated embryos have showed profound recovery from the rotation 
of their AP neural axis at late neurula stage (St. 18), we were eager to unearth the 
temporal patterns of such recovery. We thus performed Rotated transplants and fixed 
them at neural plate stage (St. 14) and mid-neurula stages (St. 15 & 16). Analysis of 
regional marker gene expression clearly revealed a pattern of progressive 
compensation to AP rotation in mid-gastrula Rotated transplants. The transplant 
embryos that were fixed at mid-neurula stage (St. 15) had significantly higher levels of 
marker gene expression at appropriate locations than those fixed at neural plate stage 
(St. 14), and those fixed at mid-neurula stage (St. 16) showed significantly more correct 
marker gene expression than both neural plate stage (St. 14) and mid-neurula stage 
(St. 15) transplants embryos. Consequently, there doesn’t seem to be a crucial stage 
when mid-gastrula Rotated embryos make most of their recovery; on the contrary, the 
recovery seemed to take place gradually as embryos develop. For the late gastrula 
Rotated treatment, however, no recovery from rotation was observed in embryos of any 
stages as the extent of marker gene expression at appropriate locations stayed the 
same from neural plate stage (St. 14) to mid-neurula stages (St. 16). When the marker 
gene expression was compared between mid- and late gastrula Rotated embryos of the 
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same stage, only at mid-neurula stages (St. 16) did mid-gastrula Rotated embryos have 
significantly higher levels of correct marker gene expression than late gastrula Rotated 
embryos. Combined with the fact that the wound from transplantation doesn’t 
completely heal until not long before neural plate stage (St. 14) (data not shown), we 
were able to conclude that the recovery from AP neural axis rotation starts around 
neural plate stage (St. 14) and is mostly complete by mid-neurula stage (St. 16). 
 
Such findings strongly indicate that in mid-gastrula Rotated transplant embryos, the AP 
neural axis plasticity is highly robust. Even in the face of having their entire presumptive 
neuroectoderm rotated, mid-gastrula stage embryos are still able to complete the 
repatterning of such rotated tissues to obtain a correct AP identity in a matter of two 
hours: from neural plate stage (St. 14) to mid-neurula stage (St. 16). We can also 
conclude from our data that embryos could start recovering from the reversal of their AP 
neural axis not long after surgery. Mid-gastrula Rotated embryos generally completely 
heal from transplantation at late gastrula stage (St. 13) (data not shown), so it only 
takes about 90 minutes: from late gastrula stage (St. 13) to neural plate stage (St. 14), 
for the effects of AP neural axis plasticity to be shown. This suggests that at mid-
gastrula stage, cells along the AP neural axis in Xenopus laevis have easily reversible 
cell fates. However, for late gastrula Rotated embryos, none of the recoveries observed 
in mid-gastrula Rotated embryos are present. Cells along the AP neural axis never 
gained proper marker gene expression nor lost inappropriate marker gene expression at 
any stages assayed. This is further proof that embryos at late gastrula stage have lost 
their AP neural axis plasticity, forming a strong contrast to its robustness at mid-gastrula 
stage. 
        
Even though the initial recovery from AP neural axis rotation is already significant at 
mid-neurula stage (St. 16) for mid-gastrula Rotated embryos, our results also indicated 
a continued recovery even later in development. When we compared the extent of 
marker gene expression between late neurula and hatching stage transplant embryos, 
we found that for mid-gastrula Rotated transplants, those at hatching stage have almost 
significantly lower levels of expression at inappropriate locations than the late neurula 
stage ones (p = 0.076). Such difference was not observed in late gastrula Rotated 
transplants either, whose levels of correct and ectopic marker gene expression in 
transplant tissues remained constant throughout the developmental stages we 
examined.  
       
These findings further indicated the window of AP neural axis plasticity is open at mid-
gastrula stage but has closed at late gastrula stage. By late gastrula stage, the 
morphogen signaling gradients responsible for AP patterning has already been 
established (Hashiguchi and Mullins, 2013; Tuazon and Mullins, 2015). These signaling 
pathways in turn activate their downstream target genes within the neuroectoderm 
along the AP axis, instructing cells to commit to regionally specific cell fate (Cho and De 
Robertis, 1990; Pownall et al., 1996; Haremaki et al., 2003; Pilon et al., 2007; Faas and 
Isaacs, 2009; Li et al., 2009; van de Ven et al., 2011; Elkouby et al., 2012; Bardine et 
al., 2014; Young et al., 2014; Exner et al., 2017). Epigenetic regulator of neural 
patterning and differentiation has also been shown to narrow its expression pattern to 
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the neuroectoderm by the end of gastrulation (Seo et al., 2005), further suggesting the 
establishment of the AP neural axis. Thus, at last gastrula stage, most of the cells in the 
transplant tissue have committed to a certain cell fate along the AP neural axis, 
regardless of their exposure to the novel inductive signals from the underlying 
mesoderm. They will continue their development following their cell fate set before 
transplantation, and that’s why no temporal recovery following transplantation was 
observed for late gastrula Rotated transplants. On the contrary, at mid-gastrula stage, 
the cellular identity within the AP neural axis doesn’t seem determined yet. Neither the 
extrinsic signaling pathways nor the intrinsic epigenetic regulator have been properly 
established (Seo et al., 2005; Hashiguchi and Mullins, 2013; Tuazon and Mullins, 2015). 
Consequently, we won’t see the activation of transcription factors specifying cell fates 
along the AP neural axis, and the cells within the transplant are able to respond to novel 
signals at their new post-rotation environment and change their cellular phenotype 
(Slack, 1991), almost immediately after wounds from transplantation have healed. As 
for the continued recovery between late neurula and hatching stage, it could be due to a 
different mechanism from the initial compensation like secondary neurogenesis 

























Chapter 3. Expression of TRPV Channels in the Embryonic Xenopus 
laevis 
Preliminary Data   
In order to further identify the possible molecular mechanisms behind AP neural axis 
plasticity in the embryonic Xenopus laevis, RNA-seq and differential gene expression 
analysis were also performed. This will allow us to identify the differences in global gene 
expression levels between embryos from different experimental conditions, and those 
significantly differentially expressed are likely to play a role in AP neural axis plasticity. 
Total RNA from sixteen different experimental groups were extracted, sequenced, and 
analyzed. The sixteen categories are listed in table 1. Sham transplants are those that 
had their presumptive neuroectoderm transplanted in the original orientation to a host 
embryo, which is a control for the transplantation process; autotopic type surgery is 
performed by excising the presumptive neuroectoderm, then put it back to the same 
embryo in the same orientation, which is a control for the wound healing process; 
siblings are unperturbed embryos from the same batch as the transplant embryos that 
are put in the same temperature and solutions as the transplant embryos, which were 
used to stage the perturbed embryos and serves as a baseline for normal gene 
expression. 
 
A large number amount of differentially expressed genes came out of the analysis, due 
to the many different types of comparisons that could be made between any two of the 
experimental categories. However, I primarily focused on the late gastrula Sham vs. late 
gastrula Rotated, and mid-gastrula Rotated vs. late gastrula Rotated comparison at late 
neurula stage (St. 18) and hatching stage (St. 30). Because late gastrula Rotated 
embryos are the only ones that fail to recover from AP rotation, while late gastrula Sham 
and mid-Gastrula Rotated embryos only differ with late gastrula Rotated embryos only 
by type and timing of the transplant, these two comparisons will most likely provide 
useful information regarding the molecular mechanisms behind AP neural axis plasticity. 
Differentially expressed genes in those comparisons were selected as candidate genes 
for further analysis. The validity of the RNA-seq experiment was confirmed by 
performing ISH on selected candidate genes in transplant embryos, whose data is 
available in the Appendix.  Among the list of candidate genes is transient receptor 
potential cation channel vanilloid subfamily member 2 (trpv2). Transient receptor 
potential vanilloid (trpv) is a subfamily of the transient receptor potential (TRP) channel 
superfamily, which consists of six genes, trpv1-6. Trpv channels are involved in a wide 
array of cellular, physiological, and developmental processes, including cell proliferation 
and apoptosis, tissue homeostasis, calcium signaling, and angiogenesis (Vrenken et al., 
2016). As a result, a huge number of diseases are found to be associated with the 
misregulation or mutation of the trpv channels (for a review, see Kaneko and Szallasi, 
2014). Despite the critical roles trpv channels play in both basic and clinical sciences, 
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there is still no comprehensive study on their expression patterns during embryonic 
development. Since Xenopus laevis is a prominent model organism in developmental 
biology, we have characterized the spatiotemporal expression patterns of the six trpv 
channels during Xenopus laevis embryonic development using in situ hybridization. 
 
Table 1. A list of 16 different groups in RNA-seq experiments.  
 
Background 
Transient receptor potential vanilloid (trpv) receptors are one of the seven subgroups of 
the transient receptor potential (TRP) channel superfamily, a family that is implicated in 
a wide range of physiological processes ranging from sensory physiology to 
phototransduction (Montell, 2005). Conserved in yeast, invertebrates, and vertebrates 
(Nilius and Owsianik, 2011), the trpv subfamily consists of six genes, trpv1-6. While 
trpv1-4 are Ca2+ permeable cation-nonselective channels, trpv5/6 are highly Ca2+ 
selective and Mg2+ permeable (Courjaret et al., 2013). A variety of stimulus have been 
discovered to activate the trpv1-4 channels, including moderate to noxious heat, 
chemical ligands, and even mechanical forces (Caterina et al., 1997; Hu et al., 2004; 
Voets et al., 2004; Christensen and Corey, 2007; Klausen et al., 2009), while trpv5/6 are 




Trpv channels are involved in a wide array of cellular, physiological, and developmental 
processes, including nociception, cell proliferation and apoptosis, tissue homeostasis, 
calcium signaling, and angiogenesis (Vrenken et al., 2016). As a result, their 
expressions and functions in adult organisms are relatively well characterized. Trpv1 
expression has been reported in a wide range of neuronal and non-neuronal adult 
tissues, including primary sensory ganglia, caudal hypothalamus, vascular tissues, 
smooth muscle, and endothelium (Szallasi et al, 2007; Baylie and Brayden, 2011; 
Cananaugh et al., 2011; Ferrandiz-Huertas et al., 2014). It was shown that at least in 
the CNS, trpv1 expression is conserved between human, mouse, rat, and monkey 
(Cananaugh et al, 2011). As indicated by its expression pattern, trpv1 is involved in 
many processes including nociception, synaptic plasticity, skin proliferation and 
homeostasis (Ferrandiz-Huertas et al., 2014). Due to its role in pain transduction, trpv1 
is a common therapeutic target for chronic pain and inflammation  (Patapoutian et al., 
2009). Similar to trpv1, trpv2 is also abundantly expressed in sensory neurons and play 
a role in nociception as well as axon outgrowth in mouse (Shibasaki, 2016). Trpv2 is 
also expressed in various adult mouse organs including the heart, pancreas, and 
spleen, contributing to numerous physiological processes like myocardial conduction, 
insulin secretion, and immune responses (Shibasaki, 2016). Different from trpv1 and 
trpv2, in adult mice, trpv3 is predominantly expressed in the epithelium (Nilius and Bíró, 
2013). Although trpv3 also expressed in the sensory neurons, its level of expression is 
much lower than other members of the trpv channels (Nilius et al., 2014). Given the 
localization of trpv3, it is highly involved in skin barrier formation, hair growth, and 
cutaneous pain (Nilius and Bíró, 2013; Luo and Hu, 2014). A trpv3 gain of function 
mutation is the likely cause of Olmsted syndrome, a condition characterized by severe 
itching (Lin et al., 2012). The fourth member of the trpv subfamily, trpv4, is expressed in 
almost every major mammalian organs (Zhan and Li, 2017). Its diverse functions 
include thermoregulation, maintaining osmotic homeostasis, and mechanotransduction 
during skeletal growth (Ferrandiz-Huertas et al., 2014; Moore and Liedtke, 2017). Trpv5 
and trpv6 are vastly different from trpv1-4 in terms of both expression and function. 
Trpv5 and trpv6 have highly similar sequences and are both involved in Ca2+ uptake 
(Na and Peng, 2014). However, while trpv5 expression is largely restricted to kidneys in 
murines (Na and Peng, 2014), trpv6 is expressed in a wider array of tissues including 
the small intestine, kidney, and prostate (Fecher-Trost et al., 2014). Mutations in both 
trpv5 and trpv6 could lead to defects in Ca2+ reabsorption and cause renal diseases 
(Nijenhuis et al., 2003a). 
 
While most research on trpv channels have been focused on adult organisms, these 
channels are expressed in embryos as well. Despite the critical roles trpv channels play 
in both basic and clinical sciences, there is still no comprehensive study on their 
functions or expression patterns during embryogenesis. The spatiotemporal expression 
patterns of trpv1 is studied in a few stages late in embryonic development in mouse and 
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zebrafish (Magdaleno et al., 2006; Caron et al., 2008; Shibasaki et al., 2010; Diez-Roux 
et al., 2011; Pan et al., 2012; Graham et al., 2013; Gau et al., 2017), but its expression 
patterns before E11.5 or 1dpf has yet to be studied in mouse or zebrafish. Even less is 
known about the expression of trpv2 and trpv3 during embryonic development. The only 
available expression analysis on trpv2 is at E14.5 in mouse (Diez-Roux et al., 2011), 
while that on trpv3 is at E11.5 and E15.5 in mouse only (Magdaleno et al., 2006). The 
embryonic expression of trpv4 is the most well studied among its subfamily, which has a 
comprehensive embryonic expression pattern available in zebrafish (Mangos et al., 
2007). Its expression patterns are also available after stage 4 in chicks and at E11.5, 
E14.5, and E15.5 in mice (Magdaleno et al., 2006; Antin et al., 2007; Diez-Roux et al., 
2011). Trpv5, on the contrary, only has its embryonic expression data at E11.5 and 
E15.5 (Magdaleno et al., 2006). Slightly more is known about where trpv6 is expression 
during embryogenesis. Data on its expression pattern is available in mice after E9.5 and 
at 3dpf in zebrafish (Magdaleno et al., 2006; Diez-Roux et al., 2011; Noguchi et al., 
2012). Since the embryonic expression pattern of a gene could provide critical 
information on its role during development, and given the importance of trpv channels, 
knowing where they are expressed throughout embryogenesis is critical to our 
understanding of their functions. Since Xenopus laevis is a prominent model organism 
in developmental biology, as it grows in defined media and is accessible throughout all 
developmental stages (Sive et al., 2000), we have characterized the spatiotemporal 
expression patterns of the six trpv channels during Xenopus laevis embryonic 
development using in situ hybridization. The results indicated that the trpv channels 
have dynamic and diverse expression patterns throughout embryogenesis with some 
degree of overlap, and likely play critical roles during embryonic development. 
 
Materials and Methods 
Embryo collection 
Albino Xenopus laevis embryos were obtained with HCG injection as described by Sive 
et al. (2000). Embryos were staged according to Nieuwkoop and Faber (1994) and fixed 
in 1X MEMFA (Harland, 1991). All animal care and procedures were performed in 
accordance with the regulations set forth by the Institutional Animal Care and Use 
Committee (IACUC) at the College of William and Mary. 
 
PCR cloning, sequence analysis, and ISH probe synthesis 
Sequences for primer design were obtained from NCBI Reference Sequences (NCBI 
accession numbers: trpv1, XM_018246044.1; trpv2: XM_018248812.1; trpv4: 
XM_018261018.1; trpv5: XM_018224919.1; trpv6: XM_018224924.1). Primers for PCR 
cloning were as follows: trpv1, (5′-CGCACCTCTGGCGAGTTAAT-3′) and (5′-
TTCACTGCTGGGATGTCTCT-3’); trpv2, (5’-GTTCACTCCCATCTCTTCGC-3’) and (5’-
CCACCAACTGACTCCATCCT-3’); trpv4 (5’-GCTGTAGCCACAGACACTTCG-3’) and 
(5’-AGCCACCTTCATCCTTTGGTT-3’); trpv5, (5’-GCCCATTCTATATGCCGCAC-3’) 
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and (5’-GGAAGCCTCAGACAAGTCCC-3’); trpv6, (5’-GCACAGAAGGCTCCATGAGT-
3’) and (5’-TCACTAGCCAACCAGTGCTC-3’). The desired PCR products are at least 
one kilobase in length and doesn’t share similar nucleotide sequences to ensure the 
stringency of the ISH. Every desired PCR product is also designed to hybridize against 
all homeologs and splicing isoforms of a gene. 
 
Total RNA was isolated from Xenopus laevis embryos (ThermoFisher MagMax kit), and 
total cDNA was synthesized (Bio-Rad iScript cDNA synthesis kit). PCR was performed 
using total Xenopus laevis cDNA. The resulting PCR products were then ligated into 
pSC-A-amp/kan vectors and transformed into competent cells (StrataClone PCR 
cloning kit). Plasmids were purified using the NucleoBond Xtra midiprep kit from 
Macherey-Nagel, and the identity of each clone was confirmed by sequencing. Plasmid 
DNA were linearized with restriction enzymes, and both sense and antisense ISH 




Whole mount in situ hybridization (ISH) was performed as described by Harland (1991) 
with slight modifications. Following the ISH, embryos were cleared as described by Sive 
et al. (2000) and imaged. No signal was found in sense embryos. Whole mount images 
were taken by a Nikon SMZ800N microscope with a Nikon DS-Ri2 camera. Embryos 
that underwent ISH were also embedded in paraffin, transversely sectioned at 18 or 30 
μm, and transferred to slides. Images were taken using an Olympus MU100 camera 
with AmScope Imaging software. ISH was repeated at least three times with a minimum 
of ten embryos for each gene and stage. All images were excised using the Quick 
Selection tool, globally adjusted for color, brightness, and contrast, and placed on a 
uniform grey background in Photoshop. 
 
Results 
Expression of trpv1 
Trpv1 expression was first detected by ISH at the trigeminal ganglia and somites at late 
neurula stage (St. 20) (Figure 9 A, A’, A’’), and such expression patterns persist through 
swimming tadpole stage (St. 35) (Figure 9 B-D, B’-D’’’). Trpv1 showed bilateral punctate 
expression throughout the dorsal somites at late neurula (St. 20) (Figure 9 A’’), early 
tailbud (St. 25) (Figure 9 B’’), and late tailbud (St. 30) (Figure 9 C’’), but at swimming 
tadpole stage (St. 35) it was expressed in the entire somite (Figure 9 D’’’), with more 
posterior somites showing stronger signals. The trigeminal ganglia expression of trpv1 
largely remained constant (Figure 9 A’, B’, C’, D’). At swimming tadpole stage (St. 35), 
the signal also became much more abundant (Figure 9 D), which is consistent with the 
RNA-seq data from Session et al. (2016). Trpv1 signal also emerged at spinal ganglia at 




Figure 9. Whole mount (A-D) and histology (A’-D’’’) images showing spatial and temporal 
expression of trpv1 in developing X. laevis embryos.  (A) dorsal view, (B-D) lateral view, anterior 
to the right for all whole mount embryos; dorsal to the top for all histology images.  (A, A’, A’’’) 
stage 20 (late neurula stage); (B, B’, B’’)stage 25 (early tailbud stage); (C, C’, C’’) stage 30 (late 
tailbud stage); (D, D’, D’’, D’’’) stage 35 (swimming tadpole stage). Arrows indicate regions of 
gene expression (so, somite; sg, spinal ganglia; tg, trigeminal ganglia). Dashed lines represent 
positions of corresponding sections. Scale bars = 250μm. 
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Expression of trpv2 
ISH showed that trpv2 is a maternal transcript that was localized at the animal pole at 
stage 0 (unfertilized egg) (Figure 10 A, A’), 5 (16-cell stage) (Figure 10 B, B’), and 8 
(mid-blastula stage) (Figure 10 C, C’). The level of maternal expression decreases as 
the embryo develops, and eventually showed no signal at early gastrula stage (St. 10). 
Trpv2 signal was detected again at early tailbud stage (St. 25) in the cement gland, 
trigeminal ganglia, otic vesicle, and neural tube (Figure 10 D’-D’’). These expression 
patterns were maintained at late tailbud (St. 30) (Figure 10 E’-E’’’’) and swimming 
tadpole stage (St. 35) (Figure 10 F’-F’’’’) as well. Additionally, trpv2 expression was also 
detected in the optic vesicle at swimming tadpole stage (St. 35) (Figure 10 F’). 
 
Figure 10. Whole mount (A-F) and histology (A’-F’’’’) images showing spatial and temporal 
expression of trpv2 in developing X. laevis embryos. Lateral view for all whole mount embryos, 
animal pole to the top (A-C), anterior to the right (D-F); dorsal to the top for all histology images. 
(A, A’) stage 0 (oocyte); (B, B’) stage 5 (16-cell stage); (C, C’) stage 8 (mid-blastula stage); (D, 
D’, D’’) stage 25 (early tailbud stage); (E, E’, E’’, E’’’, E’’’’) stage 30 (late tailbud stage); (F, F’, 
F’’, F’’’, F’’’’) stage 35 (swimming tadpole stage). Arrows indicate regions of gene expression (a, 
animal pole; cg, cement gland; nt, neural tube; op, optic vesicle; ot, otic vesicle; tg, trigeminal 





Expression of trpv3 
Current Xenopus laevis RNA-seq data indicates that trpv3 expression is not detected 
throughout all stages of embryonic development (Session et al., 2016). Xenopus 
tropicalis RNA-seq data also shows that trpv3 has an extremely low number of 
transcripts per embryo (Collart et al., 2014; Owens et al., 2016). Multiple PCRs have 
also been attempted to clone a trpv3 fragment from various stages of Xenopus laevis 
cDNA, but no PCR product was obtained. All these data suggest that trpv3 isn’t 
expressed in Xenopus laevis during embryogenesis.  
 
Expression of trpv4 
ISH indicated that trpv4 has highly abundant maternal expression, which was localized 
at the animal pole at stage 0 (unfertilized egg) (Figure 11 A, A’), 5 (16-cell stage) 
(Figure 11 B, B’), and 8 (mid-blastula stage) (Figure 11 C, C’).The animal pole 
expression remained prominent at early gastrula stage (St. 10) (Figure 11 D, D’”. While 
no signal was detected at mid-neurula stage (St. 15), at late neurula stage (St. 20) trpv4 
was found to be expressed at the tailbud region (Figure 11 E, E’). The tailbud 
expression became more prominent at late tailbud stage (St. 30) (Figure 11 F, F’’). 
Trpv4 also exhibited strong signal at the notochord at late tailbud (St. 30) and swimming 
tadpole stage (St. 35) (Figure 11 F, G, F’, G’’). Moreover, at swimming tadpole stage 




Figure 11. Whole mount (A-G) and histology (A’-G’’) images showing spatial and temporal 
expression of trpv4 in developing X. laevis embryos. Lateral view for all whole mount embryos, 
animal pole to the top (A-D), anterior to the right (E-G); dorsal to the top for all histology images. 
(A, A’) stage 0 (oocyte); (B, B’) stage 5 (16-cell stage); (C, C’) stage 8 (mid-blastula stage); (D, 
C’) stage 10 (early gastrula stage); (E, E’) stage 20 (late neurula stage); (F, F’, F’’) stage 30 
(late tailbud stage); (G, G’, G’’) stage 35 (swimming tadpole stage). Arrows indicate regions of 
gene expression (a, animal pole; nc, notochord; np, nasal placode; tb, tailbud). Dashed lines 
represent positions of corresponding sections. Scale bars = 250μm. 
 
Expression of trpv5 
The trpv5 ISH signals were detectable between mid-neurula stage (St. 15) and 
swimming tadpole stage (St. 35). Trpv5 showed punctate epidermal expression at mid-
neurula (St. 15) (Figure 12 A, A’), late neurula (St. 20) (Figure 12 B, B’), early tailbud 
(St. 25) (Figure 12 C, C’), late tailbud (St. 30) (Figure 12 D, D’), and swimming tadpole 
(St. 35) stage (Figure 12 E, E’). Trpv5 signal was also detected at the proctodeum at 
late neurula (St. 20) (Figure 12 B, B’’), early tailbud (St. 25) (Figure 12 C, C’’), and late 
29 
 
tailbud (St. 30) stage (Figure 12 D, D’’). At the swimming tadpole stage (St. 35), trpv5 
was also prominently expressed at the branchial arches (Figure 12 E, E’). 
 
Figure 12. Whole mount (A-E) and histology (A’-E’) images showing spatial and temporal 
expression of trpv5 in developing X. laevis embryos. (A) dorsal view, (B-E) lateral view, anterior 
to the right for all whole mount embryos; dorsal to the top for all histology images. (A, A’) stage 
15 (mid-neurula stage); (B, B’, B’’) stage 20 (late neurula stage); (C, C’, C’’) stage 25 (early 
tailbud stage); (D, D’, D’’) stage 30 (late tailbud stage); (E, E’) stage 35 (swimming tadpole 
stage). Arrows indicate regions of gene expression (ba, branchial arches; ep, epidermis; pd, 
proctodeum). Dashed lines represent positions of corresponding sections. Scale bars = 250μm. 
 
Expression of trpv6 
ISH indicated that trpv6 has very similar expression pattern as trpv5. Trpv6 was 
expressed at the epidermis at mid-neurula (St. 15) (Figure 13 A, A’), late neurula (St. 
20) (Figure 13 B, B’), early tailbud (St. 25) (Figure 13 C, C’), late tailbud (St. 30) (Figure 
13 D, D’), and swimming tadpole (St. 35) stage (Figure 13 E, E’). However, trpv6 signal 




Figure 13. Whole mount (A-E) and histology (A’-E’) images showing spatial and temporal 
expression of trpv6 in developing X. laevis embryos. Lateral view for all whole mount embryos, 
anterior to the right; dorsal to the top for all histology images. (A, A’) stage 15 (mid-neurula 
stage); (B, B’) stage 20 (late neurula stage); (C, C’) stage 25 (early tailbud stage); (D, D’) stage 
30 (late tailbud stage); (E, E’) stage 35 (swimming tadpole stage). Arrows indicate regions of 
gene expression (ep, epidermis). Dashed lines represent positions of corresponding sections. 
Scale bars = 250μm. 
 
Discussion 
Our data on the embryonic expression patterns of trpv channels are mostly consistent 
with the limited existing research on this issue. In zebrafish, trpv1 was found to be 
expressed in trigeminal ganglia, Rohen-Beard neurons, and epidermis (Caron et al., 
2008; Graham et al., 2013; Gau et al., 2017). In mouse, it was expressed in the Central 
Nervous system at E11.5, then in trigeminal, dorsal root, and glossopharyngeal ganglia 
at E14.5, and after that at the central nervous system as well as many non-neural 
tissues including the bladder and urethra (Magdaleno et al., 2006; McMahon et al., 
2008; Diez-Roux et al., 2011). Our results showed that trpv1 was expressed in the 
trigeminal ganglia, neural tube, and somite starting at late neurula stage. While the 
trigeminal ganglia and neural tube expression is consistent with previous data in other 
species at corresponding stages, we did first report trpv1 expression in the somites 
during embryonic development and found no epidermal expression. This might be 
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because our experiments included more stages than previous studies in mouse and 
zebrafish and performed comprehensive histology analysis. The differences between 
different species also might have played a role. For trpv2, it is expressed in the Central 
Nervous System and placodal regions in mouse at E14.5 (Diez-Roux et al., 2011). The 
only regions of mouse trpv2 expression we also observed in Xenopus laevis are the 
spinal cord and trigeminal ganglion. In addition, we saw strong trpv2 signal at the animal 
pole, cement gland, optic vesicles, and otic vesicles. Such differences might be due to 
differences between species and stages the experiments were performed as well, 
especially since the only current embryonic expression pattern of trpv2 exists at E14.5. 
While trpv3 is widely expressed in the CNS of mouse after E11.5, it doesn’t seem to be 
detectable in Xenopus species at all during early development, according to RNA-seq 
results in both X. laevis and X. tropicalis (Collart et al., 2014; Owens et al., 2016; 
Session et al., 2016). The embryonic expression pattern of trpv4 is largely consistent 
among Xenopus laevis, zebrafish, and chick. Trpv4 is maternally expressed in both 
Xenopus laevis and zebrafish, though such data isn’t available in chick. It is also highly 
expressed in the notochord and presumptive head region in all three organisms 
following gastrulation (Antin et al., 2007; Mangos et al., 2007), although there are some 
degrees of variation among species for the timing and scope of its expression. For 
example, notochord expression first becomes detectable at hatching stage, one somite 
stage, and stage 5 for X. laevis, zebrafish, and chick, respectively; trpv4 is only 
expressed at the nasal placodes in X. laevis, but is expressed throughout the 
presumptive head region in zebrafish and chick with enhanced nasal placode 
expression in zebrafish (Antin et al., 2007; Mangos et al., 2007). In addition, we also 
first report tailbud expression of trpv4, which first becomes detectable at late tailbud 
stage. Such differences might be attributed to both the differences between species and 
the stringency of the hybridization, since we favored specificity when designing the 
probes and ensured each probe had length of at least 1kb, while Mangos et al. favored 
the intensity of the signal and hydrolyzed the probes (2007). Our data on trpv5 
embryonic expression is markedly different from that in the mice. At E15.5 in mouse, 
trpv5 is detected throughout the CNS (Magdaleno et al., 2006), but we only observed 
signals at the epidermis, proctodeum, and branchial arches. This is likely because 
E15.5 relatively late in development, whereas our experiments focus on the entire early 
embryonic development. For trpv6, Xenopus laevis and zebrafish exhibited the exact 
same pattern of punctate expression at the epidermis (Lin et al., 2011). Building on the 
existing trpv6 embryonic expression data in zebrafish at 3dpf (Lin et al., 2011), our 
comprehensive analysis in Xenopus laevis showed that trpv6 expression first becomes 
detectable at mid-neurula stage and is localized at the non-neuroectodermal epidermis. 
Although one study that showed trpv6 expression in Xenopus oocyte, it was based on 
RT-PCR and immunoblotting, so the lack of ISH signal could be due to the low copy 
number and even distribution of maternal transcripts in the unfertilized eggs (Courjaret 
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et al., 2013). In addition, the lack of maternal signal is also supported by recent RNA-
seq data (Owens et al., 2016; Session et al., 2016). Thus, our study was the first 
comprehensive analysis of the embryonic expression patterns of trpv channels in any 
vertebrate model organism. 
 
Our results also indicated that the trpv channels have dynamic and diverse patterns of 
expression with some degrees of overlap during Xenopus laevis embryonic 
development, further confirming that trpv channels are not only crucial for adult 
organisms, but also play critical roles during embryonic development. The two pairs of 
trpv channels that have the most overlap in expression are trpv1/2 and trpv5/6 (Sup. 
Figure 5). Trpv1 and trpv2 are both expressed in the trigeminal ganglia and neural tube 
during tailbud and swimming tadpole stages, but the somite expression is unique to 
trpv1, and the maternal, cement gland, otic vesicle, and optic vesicle expression are 
unique to trpv2. Both trpv5 and trpv6 are expressed in the non-neuroectodermal 
epidermis starting at mid-neurula stage, whose coexpression in the epithelium has long 
been reported (Nijenhuis et al., 2003b). However, the proctodeum expression between 
late neurula stage and late tailbud stage as well as the branchial arch expression at 
swimming tadpole stage are unique to trpv5. Such similarities in trpv1/2 and trpv5/6 
embryonic expression patterns are not surprising and likely not a result of cross 
hybridization of ISH probes, given the trpv channels’ evolutionary history. Sequence 
analysis indicated that trpv1 and trpv2 are most closely related to one another, and so 
are trpv5 and trpv6 (Saito and Shingai, 2006). Trpv2 and trpv4 also overlap in 
embryonic expression pattern (Sup. Figure 5), since both are expressed maternally at 
the animal pole, suggesting their possible roles in early embryonic patterning. Another 
piece of evidence suggesting trpv channels’ roles during embryonic development is that 
trpv1, trpv2, and trpv4 each localized to specific developing central or peripheral 
nervous system structures like the trigeminal ganglion, neural tube, or the placodes. 
Their roles in neuronal differentiation and axon outgrowth during early development had 
previously been reported (Andaloussi-Lilja et al., 2009; Shibasaki et al., 2010; Jang et 
al., 2012). This is highly suggestive that trpv1, 2, and 4 are involved in neuronal 
maturation during Xenopus laevis embryogenesis. Trpv4 is also a known regulator of 
cell proliferation (Hatano et al., 2013; Song et al., 2014), whose localization at the 
tailbud region suggests that it also play a role in tailbud development. Moreover, trpv 
channels have long been known as regulators of ion homeostasis, especially that of 
calcium, during embryonic development (O’Neil and Brown, 2003; Vrenken et al., 2016). 
Given the importance of calcium activity during embryonic development, especially for 
neuronal development (Rosenberg and Spitzer, 2011), somitogenesis (Webb and Miller, 
2006), and notochord convergent extension (Wallingford et al., 2001), the expression of 
trpv channels at ganglion, somites, and notochord further indicated their role in 
embryonic development. Trpv1-4 are known as thermoreceptors, which can be 
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activated by moderate to noxious degree of heat and have been shown to perform 
important thermoregulatory roles (Nilius and Owsianik, 2011). Their expression in 
neurons and presumptive sensory organs affirms that they likely contributed to the 
embryonic responses to potential heat shock perturbations during development. 
 
In conclusion, our study was the first comprehensive analysis of the spatiotemporal 
expression patterns of trpv channels throughout embryogenesis in a vertebrate model 
organism. Our results indicated that genes in the trpv subfamily have unique yet related 
patterns of embryonic expression, which are consistent with previous research. These 
expression patterns further shed light on the critical and diverse roles trpv channels play 
during embryonic development. With the rapid advancement of new technologies such 
as RNA-seq and CRISPR-Cas9, functional analysis of the trpv channels during 
embryonic development could be easily performed on various tissues on either genetic 
or genomic scales. Such studies could vastly add to our current knowledge on trpv 
























Chapter 4. The Effects of Trpv4 Knockdown During Early Xenopus 
laevis Embryonic Development 
Introduction 
In order to further assess how the trpv genes might contribute to AP neural axis 
plasticity, we decided to proceed with their functional analysis during embryonic 
development. Because trpv4 is a maternal transcript that is abundantly expressed at the 
animal cap before mid-blastula transition (MBT), it is selected for investigation first. 
Much research on the functions of trpv4 has been done in adult organisms (Dai et al., 
2010; Everaerts, Nilius, & Owsianik, 2010). Trpv4 knockout mice have been shown to 
exhibit significant impairment in osmotic regulation, pressure sensation, and hearing 
(Liedtke & Friedman, 2003; Mizuno et al., 2003; Suzuki et al., 2003; Tabuchi et al., 
2005). In humans, a wide array of skeletal dysplasia as well as neuromuscular diseases 
are attributed to mutations in the trpv4 gene (for a review, see Dai et al., 2010). 
However, no existing research that we know of has studied the role of trpv4 during early 
embryonic development. Previous studies on mice have described trpv4-/- mice as 
fertile and without any physiological and behavioral defects (Liedtke & Friedman, 2003; 
Suzuki et al, 2003). However, such result was derived purely based on observation, and 
no experiments on a cellular or molecular level was performed to probe if trpv4 
knockout actually had an effect on the animals. Moreover, the lack of overt phenotype of 
trpv4-/- mice during embryonic development could be a result of the powerful embryonic 
plasticity we have discussed in earlier chapters. It is possible that the lack of trpv4 could 
have caused some perturbations during early embryonic development, but powerful 
compensatory mechanisms soon came in and rescued the trpv4-/- phenotype. It is thus 
critical to examine multiple stages of embryos during early embryogenesis that have 
reduced level of trpv4 expression. Because Xenopus laevis is externally fertilized, grows 
in defined media, and have a fast growth rate, it was used as our model organism for 
this experiment. 
 
Fate mapping experiments have already shown that the animal half of the X. laevis 
embryo gives rise to the future embryonic ectoderm (Sullivan et al., 1998). Plenty of 
research have indicated that the maternal transcripts enriched at the animal pole will 
later be expressed at the neuroectoderm; these transcripts often act by promoting 
neuroectodermal fate and opposing mesoderm and endoderm germ layer formation 
(Grant et al., 2014; Gaur et al., 2016; Marchak et al., 2017). As a result, we hypothesize 
that trpv4 might be responsible for the determination and/or patterning of the 
presumptive neuroectoderm. To test the hypothesis, translation blocking morpholino 
oligonucleotide (MO) specifically targeting both L and S homeologs of trpv4 was 
designed, acquired, and unilaterally injected into embryos to achieve the effect of 
genetic knockdown. Since trpv4 is a maternal transcript, any kind of genetic knockdown 
like CRISPR-Cas9 performed on the DNA level would not be effective, and neither 
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would splice-blocking MO, making translation blocking MO the only available option in 
Xenopus laevis. To confirm the MO knockdown efficacy, the MO was co-injected with 
an c-myc tagged version of trpv4 mRNA followed by immunoblotting against the c-myc 
tag, an alternative when there is no Xenopus laevis antibody against trpv4 available 
(Collart et al., 2005). Presumptive neuroectodermal marker genes Sox2 and Sox11 
were used to probe if trpv4 is required for the proper formation of neural ectoderm 
during early development. Unilaterally trpv4 MO injected embryos were fixed at late 
gastrula, mid-neurula, and late neurula stage (St. 12, 15, and 20) for further analysis. 
This is because at late gastrula stage (St. 12), gastrulation is more than half way over, 
and so are the induction and patterning of the presumptive neuroectoderm. Starting to 
assay marker gene expression patterns at this stage will allow us to capture all the 
potential changes to the neuroectoderm as a result of trpv4 knockdown. The latest 
stage to undergo ISH is at late neurula stage (St. 20), because by then the primary 
neurogenesis would be over, and any effects caused by trpv4 knockdown to the 
neuroectoderm will be detectable. Embryos are also fixed at mid-neurula stage (St. 15) 
in order to detect any temporal changes in neuroectoderm marker genes expression. 
 
Materials and Methods 
Embryos and microinjection 
Xenopus laevis embryos were obtained HCG injection as described by Sive et al. (2000). 
Embryos at the two-cell stage were bilaterally injected with mRNA or mRNA and 
morpholino antisense oligonucleotides (MOs) against trpv4. Two-cell stage embryos 
were also unilaterally injected with control MO or trpv4 MO at 30ng/embryo, and 4% 
Fldx was used as tracer for injection. All injected embryos were staged according to 
Nieuwkoop and Faber (Nieuwkoop & Faber, 1994) and fixed at desired stages.  
 
MO and capped mRNA 
Antisense morpholino oligonucleotide against trpv4 was designed and ordered from 
Gene Tools (5’-GGATCTGCCATATTTTACACCTGGT-3’). The MO is completely 
complementary against both transcript variants of trpv4.L, and has one single GT 
mispair against trpv4.S. Control MO was also ordered from Gene Tools. A fragment of 
trpv4.L transcript variant X1 containing its entire 5’ UTR and a portion of its coding 
region was clone from Xenopus laevis stage 0 (unfertilized egg) cDNA, and a c-myc tag 
and stop codon were added during the PCR (5’-
GCGCTGTTGAGCAGTGGATGAGTGAAT-3’) and (5’-
CTACAGATCTTCTTCAGAAATAAGTTTTTGTTCTTCATTGGGTGCTGAACCCTCCTC
A-3’). The PCR product was ligated into pSC-A-amp/kan vectors and transformed into 
competent cells. Plasmids were purified using the NucleoBond Xtra midiprep kit from 
Macherey-Nagel, and the identity of each clone was confirmed by sequencing. Plasmid 
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DNA were linearized with restriction enzymes, and capped sense mRNA was 
synthesized using mMESSAGE mMACHINE T7 transcription kit. 
 
Immunoblotting 
The efficacy of Xenopus laevis trpv4 antisense morpholino oligonucleotide was tested 
by injecting embryos with trpv4 MO alone or along with capped mRNA encoding a c-
myc-tagged form of trpv4.L transcript variant X1. Embryos were raised to early gastrula 
stage (St. 10) and then underwent SDS-PAGE gel electrophoresis and western blotting, 
using rabbit polyclonal anti-c-myc antibody 9106 (Abcam) to detect the c-myc epitope 
and a mouse monoclonal anti-beta-actin antibody 8224 (Abcam) as a loading control. 
 
In Situ Hybridization 
Whole mount in situ hybridization (ISH) against Sox2 and Sox11 was performed on 
unilaterally MO injected embryos at late gastrula, mid-neurula, and late neurula stage 
(St. 12, 15, and 20) as described by Harland (1991) with slight modifications. Following 
the AP color reaction, embryos were then incubated with anti-fluorescein-HRP 
antibodies and underwent Cy3-tyramide deposition to indicate the injected side of the 
embryo. Whole mount pictures were then taken in both bright field and fluorescence 
using a Nikon SMZ800N microscope with a Nikon DS-Ri2 camera. 
 
Signal Analysis 
Following whole mount ISH, all embryos were examined carefully under dissection 
microscopes to identify any potential differences in signal between injected and 
uninjected sides. The number of embryos with or without differences between two sides 
are tallied. One-way ANOVA was performed for statistical analysis. 
 
Results 
Western blot was performed on three groups of embryos in order to confirm the efficacy 
of trpv4 MO knockdown (Figure 14). Siblings are uninjected embryos that were kept in 
the same solution and temperature as injected embryos; mRNA injected group contains 
embryos that are only injected with 2ng of capped mRNA, which consists of the entire 
trpv4 5’ UTR and partial coding sequence, followed by a c-myc tag sequence and a stop 
codon; embryos in the mRNA+MO group are co-injected with 2ng of capped mRNA and 
30ng of trpv4 MO. Whole protein from the three groups of embryos were extracted, and 
western blot against c-myc tag and beta-actin was performed, where beta-actin serves 
as a loading control. Results show that the beta-actin staining is uniform across all three 
groups at the expected size of 42 kDa, indicating the success of the western blot 
procedure itself. However, it also showed uniform c-myc tag staining across all three 
groups at 15 kDa, which is where we expect the c-myc tagged version of the partial 




Figure 14. Western blot results. C-myc tag staining is present at expected 15 kDa for all three 
groups. Beta actin is used as loading control, which shows equal intensity for all three 
experimental groups. 
 
We also performed ISH against neuroectodermal markers sox2 and sox11 on unilateral 
MO injected embryos at late gastrula, mid-neurula, and late neurula stage (St. 12, 15, 
and 20). Two types of MO were injected individually: trpv4 MO and mismatch control 
MO. We employed control MO to control for the effect of injection itself, as well as the 
potential toxic and off target effect of MO in general. Unilateral injection allows the ISH 
signal on the uninjected side to serve as an internal control when we evaluate the ISH 
signal on the injected side. Such analysis could provide us with information on how a 
decrease in trpv4 level impacts the formation of the neuroectoderm. Our results show 
that in control MO injected embryos, signals on the injected side are mostly similar to 
that of the uninjected side (Figure 15), with only about 10% of the embryos showing 
decreased level of neuroectoderm marker gene expression across all stages (Figure 
16). The results are more varied in trpv4 MO injected embryos (Figure 16). At late 
gastrula stage (St. 12), while only 2 out of 19 (10.5%) embryos showed less sox11 
signal at the injected side, 3 out of 10 (30%) embryos had less sox2 signal on the 
uninjected side. On the contrary, at mid-neurula stage (St. 15), while 7 out of 19 (36.8%) 
embryos had less sox11 signal at the injected side, only 2 out of 11 (18.2%) embryos 
had less sox2 signal on the uninjected side. The other trpv4 MO injected embryos have 
mostly similar signal on both sides. However, the results became more consistent 
between sox11 and sox2 signal at late gastrula stage (St. 20). 6 out of 17 (35.3%) 
embryos showed less sox11 signal at the injected side, and 2 out of 7 (28.6%) embryos 
showed less sox2 signal on the uninjected side. Statistical analysis (one-way ANOVA) 
showed that trpv4 MO injected embryos have a significantly higher frequency of less 
marker gene signal at injected side, regardless of whether data at different stages are 





Figure 15. Representative whole mount ISH images on unilateral MO injected embryos. All 
embryos are injected with MO on the right side, as marked by the pink staining. Dorsal view for 
all late gastrula stage (St. 12) embryos, anterior end facing up. Anterior view for all mid- and late 
neurula stage (St. 15 and 20) embryos, dorsal side facing up. White arrows indicate marker 
gene expression at the uninjected side. Green arrows indicate marker gene expression at the 
injected side that are similar to the uninjected side. Yellow arrow indicates marker gene 
expression at the injected side that are weaker than the signal at the uninjected side. All scale 





Figure 16. At different stages and using two different marker genes (Sox11 and Sox2), the 




The western blot result, which showed c-myc tag stainings at expected size across all 
three groups (Figure 14), indicate that there is an endogenous protein at 15 kDa that 
also contain a c-myc tag epitope. This is because such staining occurs even at the 
siblings group, which isn’t injected with anything. Although having an endogenous 
protein with c-myc tag sequence at the same size as our c-myc tagged protein construct 
is surprising, it isn’t unlikely. C-myc sequence is very common in endogenous proteins. 
When the c-myc tag amino acid sequence was searched against the Xenopus laevis 
proteome in Protein BLAST, 48 proteins with at least 75% of sequence homology, which 
is the theoretical threshold for antibody cross-reactivity, was identified (data not shown). 
With endogenous c-myc staining at our expected size, it’s impossible to tell whether the 
injected mRNA is being successfully translated, or if the trpv4 MO is successfully 
inhibiting the translation of the mRNA. It is thus essential to acquire an anti-trpv4 
antibody that cross reacts with Xenopus laevis trpv4 so we could directly confirm the 
efficacy of trpv4 MO knockdown. 
 
On the other hand, the ISH on MO injected embryos confirmed our hypothesis that trpv4 
is involved in promoting the neural ectoderm cell fate. Because MO has long been 
reported to have unintended toxic and off-target effect (Bedell et al., 2011), it’s 
imperative that we establish a baseline of comparison by injecting embryos with control 
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MO and analyzing their resulting marker gene expression. Results show that a relatively 
low number of embryos, which is less than 10% in most groups, exhibited dissimilar 
marker gene expression between injected and uninjected sides. Statistical analysis has 
indicated that trpv4 MO injected embryos have a significantly higher frequency of 
reduction in neuroectodermal marker signal than control MO injected embryos, at 
around 25%. But despite this statistical significance, such frequency at changing 
neuroectodermal marker gene expression is still much lower than most of the other 
maternal transcripts known to play a role in neural induction or regionalization, where 
frequencies in altering the size of neuroectoderm could easily get to more than 80% 
(Gaur et al., 2016; Marchak et al., 2017). This suggests that while the knockdown of 
trpv4 does have an effect on restricting the neural ectoderm, it likely isn’t required for 
the neural induction and determination on its own. Such functional redundancy is quite 
widespread in biological systems. For example, BMP antagonists noggin, chordin, and 
follistatin are highly redundant (Khokha et al., 2005). Only when all three of them are 
knocked down can we observe a loss of dorsal phenotype (Khokha et al., 2005). In fact, 
functional redundancies among trpv4 and other genes have already been reported 
under the context of osmotic regulation, inflammation, thermal regulation, and 
mechanosensation (Liedtke and Friedman, 2003; O’Neil and Heller, 2005; Cohen, 2007; 
Rajasekhar et al., 2017). Given the importance of the induction and determination of 
neuroectoderm for embryonic development, and the other functional redundancies 
observed during the process (Khokha et al., 2005), it’s likely that trpv4 plays a 
redundant role in promoting the formation of neural ectoderm with other genes. The 
expression patterns of the trpv channels also supports this notion; like trpv4, trpv2 is 
also a maternal transcript accumulated at the animal pole region (Figure 10 A, B, C). 
Whether trpv2 also plays a role in promoting neuroectoderm fate and is redundant with 
trpv4 still awaits further investigation. 
 
Although our results have established the role of trpv4 in promoting neuroectoderm cell 
fate, much more still remain to be discovered about this process. One potential question 
is whether trpv4 promote neuroectoderm at the expense of epidermis or other germ 
layers? If it represses the epidermal cell fate, then we would expect the trpv4 MO 
injected side to have more expression of epidermal markers such as k81 (Marchak et 
al., 2017); but if it represses the mesoderm or endoderm cell fate, then we might 
observe more mesodermal signal such as bra and chd or more endodermal signal such 
as ox17 and edd at trpv4 MO injected side (Marchak et al., 2017). In addition, whether 
trpv4 affect the patterning of the neuroectoderm or neurogenesis is still unclear. To 
answer these questions, we will need to assay the expression of different marker genes 
within the developing CNS of trpv4 MO injected embryos, including markers along the 
AP neural axis, neural crest markers, and differentiated neuronal markers. These 
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investigations shall give us a better idea of the mechanism of action of trpv4 during 





































Chapter 5. Conclusion 
Building on our current understanding of the AP neural axis plasticity and trpv channels, 
this research further studied the AP neural axis plasticity from a temporal perspective 
and its possible mechanistic link with trpv channels. It showed that most of the recovery 
from AP neural axis rotation happened relatively soon after the perturbation, which 
starts at neural plate stage (St. 14) and is mostly completed by mid-neurula stage (St. 
16). During such period of recovery, transplant tissue gradually regained proper marker 
gene expression in a progressive manner, suggesting that there is not a critical stage of 
recovery. Spatiotemporal analysis of the trpv subfamily during early embryonic 
development showed that the five trpv channels that is expressed embryonically 
exhibited diverse, unique, yet related patterns of expression, suggesting the critical 
roles they play during embryogenesis, including the development of the nervous 
system. Further functional analysis of trpv4 indicates that it is involved in promoting the 
fate of neuroectoderm during early embryonic development, but such role is likely to be 

























Chapter 6. Future Directions 
This current study could go into two possible future directions. The first direction is to 
continue the functional analysis of the trpv channels. Most current functional analysis of 
the trpv channels have focused on their roles in the adult organisms (Liedtke & 
Friedman, 2003; Mizuno et al., 2003; Suzuki et al., 2003; Rong et al, 2004; Tabuchi et 
al., 2005; van der Eerden et al, 2005; Ruiz et al., 2006; Park et al., 2011; Weissgerber 
et al., 2012), and no existing literature has characterized their functions during early 
embryonic development. Since trpv1, 2, 4, 5, and 6 have such extensive patterns of 
expression during early embryogenesis, it’s very likely that they are also part of some 
early developmental programs. The accessibility of X. laevis embryos throughout all 
stages of development and the advances in CRISPR-Cas9 knockout technology in X. 
laevis also clear the hurdles to functional investigations of trpv channels during early X. 
laevis embryonic development. In addition, not only can the functional analysis be 
carried out in an unperturbed context, we could also investigate how they might 
contribute to embryonic plasticity. This is also closely related to the second future 
directions of the project, which is the expression and functional characterization of the 
other RNA-seq candidate genes in transplant embryos. RNA-seq only provides 
information on the levels of global gene expression, so it’s imperative for us to clone the 
genes individually and generate ISH probes to characterize their spatial expression in 
transplant embryos. The next step would be to knockout or overexpress these genes in 
transplant embryos to see if such manipulations lead to higher or lower levels of 
recovery from the rotation of the AP neural axis. 
 
A third future direction of the project is to investigate how homeologs could potentially 
contribute to the AP neural axis plasticity. Homeologous genes are the result of genome 
duplication events. While homeologs have mostly similar protein sequences, their 
regulatory elements could be vastly different, possibly leading to divergence in 
functions. Since Xenopus laevis is an allotetraploid species, it contains numerous 
homeologous genes. Our preliminary RNA-seq analysis has identified many homeologs 
that are differentially regulated follow the rotation of the AP neural axis: while one 
homeolog is up-regulated following rotation, the other one is down-regulated. 
Understanding why that’s the case, and how it might relate to the embryos’ responses 
to AP rotation, could contribute greatly to our knowledge of embryonic plasticity. This 
could be achieved by performing homeolog-specific ISH and homeolog-specific 
knockout/overexpression in transplant embryos. By pursuing these three future 








Candidate Genes In Situ Hybridization 
As mentioned in the preliminary data, RNA-seq experiments was performed to 
investigate the molecular mechanisms behind AP neural axis plasticity. Differential gene 
expression analysis generated a list of candidate genes that are differentially expressed 
between late gastrula Sham and Rotated embryos at hatching stage (St. 30). Because 
late gastrula Rotated embryos are not able to recover from the rotation of AP neural 
axis while late gastrula Sham embryos largely maintained proper marker gene 
expression, these differentially expressed genes may contribute to the AP neural axis 
plasticity we have observed. However, in order to confirm the accuracy of our RNA-seq 
experiment, we need to perform ISH on some of these candidate genes, and see if the 
result of the ISH matches with the result of the RNA-seq experiment. Moreover, ISH on 
candidate genes will provide us with information on where the candidate genes are 
expressed in the transplant embryos, rather than a global level of expression. This may 
tell us more about the recovery and regulation post rotation. 
 
Three genes among the candidate gene list were chosen, and their gene expression 
patterns in late gastrula Sham and Rotated embryos were probed by in situ 
hybridization. These three genes are PR domain containing 13 (Prdm13), GS 
homeobox 1 (Gsx1), and pancreas associated transcription factor 1a (Ptf1a). Prdm13 is 
a known histone methyltransferase that suppresses excitatory neuronal fate and 
promote inhibitory neuronal fate (Hanotel et al., 2014). At hatching stage (St. 30), it’s 
expressed at the eyes, hindbrain, and spinal cord (SFigure 1) (Eguchi et al, 2015). Gsx1 
is within the ParaHox homeodomain transcription factor family, and has been shown to 
regulate cell proliferation and differentiation during neurogenesis, as well as primary 
neuron DV patterning (Winterbottom, Ramsbottom & Issacs, 2011). At hatching stage 
(St. 30), its expression is in the forebrain, midbrain, and hindbrain, discretely (SFigure 1) 
(Illes, Winterbottom & Issacs, 2009). Ptf1a is a prominent regulator in pancreatic 
development, but it also functions upstream of Prdm13 and promote the differentiation 
of GABAergic neurons in the CNS (Hoshino et al., 2005; Bessodes et al, 2017). It is 
expressed in the eyes, hindbrain, and pancreas at hatching stage (St. 30) (SFigure 1) 
(Kofent, Zhang, & Spagnoli, 2016). These ISH primarily serve two purposes. First, it 
allows us to confirm the accuracy of our RNA-seq and differential gene expression 
analysis in vivo. Second, it allows us to visualize the spatial expression patterns of 
these differentially expressed genes in transplant embryos, which can’t be achieved 
through RNA-seq experiments alone. All ISH with the same gene were incubated with 
the same probe and antibodies for the same about of time, and the time of the color 




Our RNA-seq and differential gene expression analysis results indicated that all three 
candidate genes chosen for ISH have significantly higher levels of expression in late 
gastrula Sham embryos than in late gastrula Rotated ones. ISH results in whole mount 
and in sections clearly confirmed our results. The intensities of the signal, as can be 
seen in supplementary figure 2 and 3, is much higher in Sham transplants than in 
Rotated transplants. This is especially prominent for Ptf1a, where there is almost no 
detectable signal in Rotated embryos. Our results also showed that even though 
Rotated embryos have much lower levels of candidate genes expression, the patterns 
of gene expression pattern are the same. Although Rotated embryos generally have 
diminished signals, we hardly ever saw any ectopic candidate gene expressions. This 
suggests that even when embryos at late gastrula stage have lost most of their AP 
neural axis plasticity, most of their regulatory ability regarding proper gene expression 
have been restored by the time of fixation. It is thus critical to understand the temporal 
aspect of the AP neural axis plasticity in order to find out when such regulatory ability in 




Supplementary Figure 1. Representative images of whole mount candidate gene in situ 
hybridization in sibling embryos. All embryos are at hatching stage (St. 30). Purple stain marked 





Supplementary Figure 2. Representative images of whole mount candidate gene in situ 
hybridization in transplant embryos. All embryos are at hatching stage (St. 30). Purple stain 
marked with arrowheads indicates gene expression and blue stain indicates transplant 
incorporation. Dorsal faces up, anterior is to the right. Rotated embryos exhibit similar candidate 






Supplementary Figure 3. Representative histology images of candidate gene in situ 
hybridization in transplant embryos. All embryos are at hatching stage (St. 30) when fixed. 
Purple stain marked with arrowheads indicates gene expression and blue stain indicates 
transplant incorporation. Dorsal side faces up. Rotated embryos exhibit similar candidate genes 





Xenopus Western Blot Protocol 
In order to confirm the efficacy of morpholino oligonucleotide (MO) knockdown of a 
target gene, the best method is to perform a western blot against the target protein on 
injected and uninjected embryos. Since no Xenopus laevis anti-trpv4 antibody is 
available, we generated an mRNA containing the entire 5’ UTR and partial coding 
sequence of trpv4 followed by the c-myc tag sequence, and either injected it alone into 
the embryo or co-injected it with MO. This way, we could visualize the knockdown effect 
by using an anti-myc tag antibody. The Saha lab doesn’t have much experience working 
with Western blot and doesn’t have a working protocol in place. By combining 
information from available literature as well as experience from Dr. Oliver Kerscher, I 
worked out and generated the following protocol for whole Xenopus protein extraction 
and western blot. 
 
Before you start: make sure you have all the materials and equipments!!!!! 
Materials and Equipments 
Lysis buffer (1ml): 50ul (0.05M) 1M Tris (pH=7.6), 30ul (0.15M) 5M NaCl, 20ul (10mM) 
0.5M EDTA, 10ul (1%) TritionX-100, 150ul 7X Roach proteinase inhibitor stock solution, 
add sdd water to 1ml. 
7X Roach proteinase inhibitor stock solution: add 1 tablet of Roach cOmplete mini 
proteinase inhibitor (#11836153001) to 1.5mL of sdd water. 
Protein sample buffer: this is usually acquired commercially. We current have 2X tricine 
sample buffer from Bio-Rad in lab( #1610739). Each time before use, add 2ul BME (2-
mercaptoethanol) to 95ul of stock sample buffer and mix well. 
Precast gels: our lab currently uses 16.5% mini-protean tricine gel from Bio-Rad 
(#4563064). 
1X running buffer: this is made by adding 100ml 10X stock running buffer to 900ml of 
Barnstead water. We current use 10X Tris/Tricine/SDS buffer purchased from Bio-Rad 
(#1610744). 
Protein ladder: we currently use Chameleon Duo ladder (P/N 928-60000), which could 
be found in F+4 fridge (stock kept in -20 degrees). 
Transfer membranes: we currently use Bio-Rad 0.2um mini PVDF transfer membrane 
(#1620174). 
3M filter paper: this is kept in the cabinet next to one of the dissection scopes. Ask MSS 
if you can’t find it. 
10X semidry transfer buffer: 58g (5.8%) Tris, 29.3g (2.93%) Glycine, 3.75g (0.375%) 
SDS in 1L Barnstead water. 
1X semidry transfer buffer: 100ml (10%) 10X semidry transfer buffer, 200ml (20%) 
Methanol, 700ml (70%) Barnstead water. 
Semidry transfer apparatus: Dr. Kerscher has been allowing us to use his. Talk to him 
before you start doing anything. 
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Blocking buffer: we current use oneblock western CL blocking buffer from genesis (#20-
313). 
Primary antibodies: you should have at least 2 primary antibodies. One against your 
favorite protein, and the other as a loading control. Anti-beta actin (mAbcam 8224) has 
been working well and shows cross reactivity to Xenopus laevis. 
Secondary antibodies: we currently have 2 secondary antibodies. One is goat anti-rabbit 
IRDye 680RD (P/N 925-68071), the other is goat anti-mouse IRDye 800CW (P/N 925-
32210). 
Odyssey imaging system: it’s located in the core lab, but for training either contact 
someone who knows how to use it or Dr. Kerscher. 
 
Whole Embryo Protein Extraction 
1. Pool ~10-15 embryos into one Eppendorf tube, then suck as much solution out 
as possible without exposing embryos to air. Either flash freeze the entire tube in 
liquid nitrogen and store in -80 degrees indefinitely, or proceed with the next 
step. 
2. Lyse embryos on ice in 100ul of ice cold lysis buffer by pipetting up and down. 
3. Sonicate lysed embryos in the core lab sonicator for 5 minutes. Make sure to put 
some ice in the water bath so samples are kept cold while sonicating. 
4. Spin samples at 4 degrees for 5 minutes at max speed. 
5. Carefully transfer the clear (middle) layer to a new tube. It’s okay to leave some 
out rather than bringing out other layers. The protein extract can then be stored 
in -80 degrees or proceed with the next step. 
 
SDS-PAGE Gel 
1. Take out the precast gel from 4 degrees fridge. We current have 16.5% mini-
protean tricine gel from Bio-Rad. 
2. Carefully remove the comb from the gel with one smooth motion so you don’t 
damage the wells. Samples will diffuse everywhere if the wells are damaged. 
3. Remove the green tape from the bottom of the gel 
4. Assemble the gel running cassette. Tightly screw in one of the buffer dams, then 
place the gel, with lower side facing inward, between the other buffer dam and 
the white plastic part, then tightly screw in this buffer dam as well. Place the 
cassette into the buffer chamber. Videos of how to assemble a mini-protean cell 
is available on youtube if you can’t understand what the protocol says. 
5. Pour 1X running buffer in the inner chamber so it completely covers the wells. 
Then make sure the buffers aren’t leaking. This will cause the buffer to drop 
below the wells during running and stop samples from migrating and over heat 
the gel. Then pour 1X running buffer into the outer chamber to about half way. 
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6. Mix equal volume of 2X sample buffer and your protein extract. Usually 5ul of 
protein extract is enough, but you could also do a series of different volumes to 
find out the optimal volume for your experiment. 50ul is the maximum loading 
volume for a well, although you shouldn’t need that much protein. 
7. Boil the mixed sample at 95 degrees for 5min, then briefly spin down the sample. 
8. Load the samples and your protein ladder (5-10ul) into the wells, be careful not to 
puncture the wells. 
9. Put on the cover, make sure corresponding color matches. 
10. First run for ~1h at 30V, then increase the voltage to ~100V. It’ll then take 1-2h 
for the run to complete, although you should constantly monitor the gel. You can 
stop the run when the ladder has clearly resolved and blue sample staining is 
nearing the bottom of the gel. 
 
Protein Transfer (use forceps to handle membrane and filter papers!) 
1. Wet the PVDF transfer membrane in Methanol for ~2-3 minutes. DO NOT wet 
nitrocellulose membranes. 
2. Equilibrate the membrane in 1X semidry transfer buffer for at least 15min. 
3. Cut out 6 pieces of 3M filter paper the size of the transfer membrane, and 
equilibrate them in 1X semidry transfer buffer for at least 15min. 
4. When your gel is finished running, carefully cut out the well part of the gel, then 
equilibrate the gel in 1X semidry transfer buffer for 15min. 
5. After you start equilibrating the gel, place the semidry transfer apparatus into the 
cold room. Open up the apparatus so the two metal parts are facing out to cool 
down. Dr. Kerscher has been kind enough to let us use his apparatus-we don’t 
currently have one. Please ask him if you could use it before proceeding. 
6. Place 3 pieces of 3M filter paper on the bottom of the apparatus. Do it one piece 
at a time to prevent any bubbles. 
7. Place the transfer membrane on top of the filter papers, prevent bubbles from 
forming. 
8. Place the gel on top of the transfer membrane. Don’t let bubbles form. 
9. Finally place 3 pieces of filter paper on top of the gel. Do it one piece at a time to 
prevent any bubbles. 
10. Place the top half of the transfer apparatus on top of the gel-membrane 
sandwich, then the plastic cover. 
11. Run the transfer at a constant 19V for 30 minutes. 
12. When you’re finished with transferring, CLEAN UP THE APPARATUS and return 





1. Block the transfer membrane in blocking solution for at least 1h at RT. 20ml is 
usually enough, so find a suitable tupperware. 
2. Add your primary antibodies directly into the blocking buffer and swirl to mix. 
Different antibodies have different dilutions so read the information sheet before 
adding. 
3. Incubate while shaking in the cold room overnight. 
4. Wash the transfer membrane in 1X TBST for at least 3X10min. 
5. Incubate the membrane in blocking buffer containing secondary antibodies at RT 
for 90 minutes. The dilution for Licor IRDye secondary antibodies is usually 
1:15000, but definitely check the data sheet before proceeding. 
6. Wash the transfer membrane in 1X TBST for at least 3X30min. 
7. Proceed to image your membrane using the Odyssey imaging system in core 
lab. Turn on the power of the machine, and open up the Odyssey software on the 
computer next to it. Select Odyssey Clx on the software. 
8. Place the transfer membrane at the bottom left corner of the machine, and 
remember the dimension of you membrane. 
9. Press select new in the software, and draw the dimension from the previous step 
onto the white plot on the software. 























Supplementary Figure 4. Summary diagram of neural induction and AP neural axis patterning 
by morphogen gradients. 
 
 





 Albers, B. (1987). Competence as the main factor determining the size of the neural 
plate.  Development, growth & differentiation, 29(5), 535-545. 
 
Andaloussi-Lilja, J. E., Lundqvist, J., & Forsby, A. (2009). TRPV1 expression and 
activity during retinoic acid-induced neuronal differentiation. Neurochemistry 
international, 55(8), 768-774. 
 
Antin, P. B., Kaur, S., Stanislaw, S., Davey, S., Konieczka, J. H., Yatskievych, T. A., & 
Darnell, D. K. (2007). Gallus expression in situ hybridization analysis: a chicken embryo 
gene expression database. Poultry science, 86(7), 1472-1477. 
 
Bardine, N., Lamers, G., Wacker, S., Donow, C., Knoechel, W., & Durston, A. (2014). 
Vertical signalling involves transmission of hox information from gastrula mesoderm to 
neurectoderm. PloS one, 9(12), e115208. 
 
Baylie, R. L., & Brayden, J. E. (2011). TRPV channels and vascular function. Acta 
Physiologica, 203(1), 99-116. 
 
Bedell, V. M., Westcot, S. E., & Ekker, S. C. (2011). Lessons from morpholino-based 
screening in zebrafish. Briefings in functional genomics, 10(4), 181-188. 
 
Bennett, P. M. (2004). Genome plasticity. In Genomics, Proteomics, and Clinical 
Bacteriology (pp. 71-113). Humana Press. 
 
Bessodes, N., Parain, K., Bronchain, O., Bellefroid, E. J., & Perron, M. (2017). Prdm13 
forms a feedback loop with Ptf1a and is required for glycinergic amacrine cell genesis in 
the Xenopus Retina. Neural development, 12(1), 16. 
 
Caron, S. J., Prober, D., Choy, M., & Schier, A. F. (2008). In vivo birthdating by 
BAPTISM reveals that trigeminal sensory neuron diversity depends on early 
neurogenesis. Development, 135(19), 3259-3269. 
 
Carron, C., & Shi, D. L. (2016). Specification of anteroposterior axis by combinatorial 
signaling during Xenopus development. Wiley Interdisciplinary Reviews: Developmental 
Biology, 5(2), 150–168. 
 
Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D., & Julius, 
D. (1997). The capsaicin receptor: a heat-activated ion channel in the pain pathway. 




Cho, K. W., & De Robertis, E. M. (1990). Differential activation of Xenopus homeobox 
genes by mesoderm-inducing growth factors and retinoic acid. Genes & Development, 
4(11), 1910-1916. 
 
Christensen, A. P., & Corey, D. P. (2007). TRP channels in mechanosensation: direct or 
indirect activation?. Nature Reviews Neuroscience, 8(7), 510-521. 
 
Citri, A., & Malenka, R. C. (2008). Synaptic plasticity: multiple forms, functions, and 
mechanisms. Neuropsychopharmacology, 33(1), 18. 
 
Cohen, D. M. (2007). TRPV4 and hypotonic stress. In Molecular Sensors for 
Cardiovascular Homeostasis (pp. 141-151). Springer, Boston, MA. 
 
Collart, C., Owens, N. D., Bhaw-Rosun, L., Cooper, B., De Domenico, E., Patrushev, 
I., ... & Gilchrist, M. J. (2014). High-resolution analysis of gene activity during the 
Xenopus mid-blastula transition. Development, 141(9), 1927-1939. 
 
Collart, C., Verschueren, K., Rana, A., Smith, J. C., & Huylebroeck, D. (2005). The 
novel Smad-interacting protein Smicl regulates Chordin expression in the Xenopus 
embryo. Development, 132(20), 4575-4586. 
 
Courjaret, R., Hubrack, S., Daalis, A., Dib, M., & Machaca, K. (2013). The Xenopus 
TRPV6 homolog encodes a Mg2+‐ permeant channel that is inhibited by interaction 
with TRPC1. Journal of cellular physiology, 228(12), 2386-2398. 
 
Cox, W. G., & Hemmati-Brivanlou, A. (1995). Caudalization of neural fate by tissue 
recombination and bFGF. Development, 121(12), 4349-4358. 
 
Dai, J., Cho, T. J., Unger, S., Lausch, E., Nishimura, G., Kim, O. H., ... & Ikegawa, S. 
(2010). TRPV4-pathy, a novel channelopathy affecting diverse systems. Journal of 
human genetics, 55(7), 400. 
 
Diez-Roux, G., Banfi, S., Sultan, M., Geffers, L., Anand, S., Rozado, D., ... & Lin-Marq, 
N. (2011). A high-resolution anatomical atlas of the transcriptome in the mouse embryo. 
PLoS biology, 9(1), e1000582. 
 
Eguchi, R., Yoshigai, E., Koga, T., Kuhara, S., & Tashiro, K. (2015). Spatiotemporal 





Elkouby, Y. M., Polevoy, H., Gutkovich, Y. E., Michaelov, A. and Frank, D. (2012). A 
hindbrain-repressive Wnt3a/Meis3/Tsh1 circuit promotes neuronal differentiation and 
coordinates tissue maturation. Development 139, 1487-1497. 
 
Everaerts, W., Nilius, B., & Owsianik, G. (2010). The vanilloid transient receptor 
potential channel TRPV4: from structure to disease. Progress in biophysics and 
molecular biology, 103(1), 2-17. 
 
Exner, C. R., Kim, A. Y., Mardjuki, S. M., & Harland, R. M. (2017). sall1 and sall4 
repress pou5f3 family expression to allow neural patterning, differentiation, and 
morphogenesis in Xenopus laevis. Developmental Biology, 425(1), 33-43. 
 
Faas, L. and Isaacs, H. V. (2009). Overlapping functions of Cdx1, Cdx2, and Cdx4 in 
the development of the amphibian Xenopus tropicalis. Dev. Dyn. 238, 835-852. 
 
Fecher-Trost, C., Weissgerber, P., & Wissenbach, U. (2014). TRPV6 channels. In 
Mammalian Transient Receptor Potential (TRP) Cation Channels (pp. 359-384). 
Springer, Berlin, Heidelberg. 
Feinberg, A. P. (2007). Phenotypic plasticity and the epigenetics of human disease. 
Nature, 447(7143), 433. 
 
Ferrandiz-Huertas, C., Mathivanan, S., Wolf, C. J., Devesa, I., & Ferrer-Montiel, A. 
(2014). Trafficking of thermotrp channels. Membranes, 4(3), 525-564. 
 
Gamse, J., & Sive, H. (2000). Vertebrate anteroposterior patterning: the Xenopus 
neurectoderm as a paradigm. BioEssays, 22(11), 976-986. 
 
Gau, P., Curtright, A., Condon, L., Raible, D. W., & Dhaka, A. (2017). An ancient 
neurotrophin receptor code; a single Runx/Cbfβ complex determines somatosensory 
neuron fate specification in zebrafish. PLoS genetics, 13(7), e1006884. 
 
Gaur, S., Mandelbaum, M., Herold, M., Majumdar, H. D., Neilson, K. M., Maynard, T. 
M., ... & Moody, S. A. (2016). Neural transcription factors bias cleavage stage 
blastomeres to give rise to neural ectoderm. genesis, 54(6), 334-349. 
 
Girdler, G. C., Araya, C., Ren, X., & Clarke, J. D. (2013). Developmental time rather 
than local environment regulates the schedule of epithelial polarization in the zebrafish 




Graham, D. M., Huang, L., Robinson, K. R., & Messerli, M. A. (2013). Epidermal 
keratinocyte polarity and motility require Ca2+ influx through TRPV1. J Cell Sci, 
126(20), 4602-4613. 
Grant, P. A., Yan, B., Johnson, M. A., Johnson, D. L., & Moody, S. A. (2014). Novel 
animal pole‐ enriched maternal mRNAs are preferentially expressed in neural 
ectoderm. Developmental Dynamics, 243(3), 478-496. 
 
Grapin-Botton, A., Bonnin, M. A., & Le, N. D. (1997). Hox gene induction in the neural 
tube depends on three parameters: competence, signal supply and paralogue group. 
Development, 124(4), 849-859. 
 
Grapin-Botton, A., Bonnin, M. A., McNaughton, L. A., Krumlauf, R., & Le Douarin, N. M. 
(1995). Plasticity of transposed rhombomeres: Hox gene induction is correlated with 
phenotypic modifications. Development, 121(9), 2707-2721. 
 
Grapin-Botton, A., Bonnin, M. A., Sieweke, M., & Le Douarin, N. M. (1998). Defined 
concentrations of a posteriorizing signal are critical for MafB/Kreisler segmental 
expression in the hindbrain. Development, 125(7), 1173-1181. 
  
Guthrie, S., Muchamore, I., Kuroiwa, A., Marshall, H., Krumlauf, R., & Lumsden, A. 
(1992). Neuroectodermal autonomy of Hox-2.9 expression revealed by rhombomere 
transpositions. Nature, 356(6365), 157-159. 
 
Hanotel, J., Bessodes, N., Thélie, A., Hedderich, M., Parain, K., Van Driessche, B., ... & 
Serup, P. (2014). The Prdm13 histone methyltransferase encoding gene is a Ptf1a–
Rbpj downstream target that suppresses glutamatergic and promotes GABAergic 
neuronal fate in the dorsal neural tube. Developmental biology, 386(2), 340-357. 
 
Haremaki, T., Tanaka, Y., Hongo, I., Yuge, M., & Okamoto, H. (2003). Integration of 
multiple signal transducing pathways on Fgf response elements of the Xenopus caudal 
homologue Xcad3. Development, 130(20), 4907-4917. 
 
Harland, R. M. (1991). In situ hybriddization: an improved whole-mount method for 
Xenopus embryos. Methods in cell biology, 36, 685. 
 
Hashiguchi, M., & Mullins, M. C. (2013). Anteroposterior and dorsoventral patterning are 
coordinated by an identical patterning clock. Development, 140(9), 1970-1980. 
 
Hatano, N., Suzuki, H., Itoh, Y., & Muraki, K. (2013). TRPV4 partially participates in 




Ho, V. M., Lee, J. A., & Martin, K. C. (2011). The cell biology of synaptic plasticity. 
Science, 334(6056), 623-628. 
 
Hoshino, M., Nakamura, S., Mori, K., Kawauchi, T., Terao, M., Nishimura, Y. V., ... & 
Watanabe, M. (2005). Ptf1a, a bHLH transcriptional gene, defines GABAergic neuronal 
fates in cerebellum. Neuron, 47(2), 201-213. 
 
Hu, H. Z., Gu, Q., Wang, C., Colton, C. K., Tang, J., Kinoshita-Kawada, M., ... & Zhu, M. 
X. (2004). 2-aminoethoxydiphenyl borate is a common activator of TRPV1, TRPV2, and 
TRPV3. Journal of Biological Chemistry, 279(34), 35741-35748. 
 
Illes, J. C., Winterbottom, E., & Isaacs, H. V. (2009). Cloning and expression analysis of 
the anterior parahox genes, Gsh1 and Gsh2 from Xenopus tropicalis. Developmental 
Dynamics, 238(1), 194-203. 
 
Itasaki, N., Sharpe, J., Morrison, A., & Krumlauf, R. (1996). Reprogramming Hox 
expression in the vertebrate hindbrain: influence of paraxial mesoderm and 
rhombomere transposition. Neuron, 16(3), 487-500. 
 
Itoh, K., & Sokol, S. Y. (1997). Graded amounts of Xenopus dishevelled specify discrete 
anteroposterior cell fates in prospective ectoderm. Mechanisms of development, 61(1-
2), 113-125. 
 
Jacobson, A. G. (1963). The determination and positioning of the nose, lens and ear. III. 
Effects of reversing the antero-posterior axis of epidermis, neural plate and neural fold. 
Journal of Experimental Zoology. 
 
Jang, Y., Jung, J., Kim, H., Oh, J., Jeon, J. H., Jung, S., ... & Kim, I. B. (2012). Axonal 
neuropathy-associated TRPV4 regulates neurotrophic factor-derived axonal growth. 
Journal of Biological Chemistry, 287(8), 6014-6024. 
 
Kauer, J. A., & Malenka, R. C. (2007). Synaptic plasticity and addiction. Nature reviews 
neuroscience, 8(11), 844. 
 
Kelly, S. A., Panhuis, T. M., & Stoehr, A. M. (2012). Phenotypic plasticity: molecular 




Khokha, M. K., Yeh, J., Grammer, T. C., & Harland, R. M. (2005). Depletion of three 
BMP antagonists from Spemann's organizer leads to a catastrophic loss of dorsal 
structures. Developmental cell, 8(3), 401-411. 
 
Kiecker, C., & Niehrs, C. (2001). A morphogen gradient of Wnt/β-catenin signalling 
regulates anteroposterior neural patterning in Xenopus. Development, 128(21), 4189-
4201. 
 
Klausen, T. K., Pagani, A., Minassi, A., Ech-Chahad, A., Prenen, J., Owsianik, G., ... &  
Nilius, B. (2009). Modulation of the Transient Receptor Potential Vanilloid Channel 
TRPV4 by 4α-Phorbol Esters: A Structure− Activity Study. Journal of medicinal 
chemistry, 52(9), 2933-2939. 
 
Kofent, J., Zhang, J., & Spagnoli, F. M. (2016). The histone methyltransferase Setd7 
promotes pancreatic progenitor identity. Development, dev-136226. 
 
Kuratani, S. C., & Eichele, G. (1993). Rhombomere transplantation repatterns the 
segmental organization of cranial nerves and reveals cell-autonomous expression of a 
homeodomain protein. Development, 117(1), 105-117. 
 
Leitch, A. R., & Leitch, I. J. (2008). Genomic plasticity and the diversity of polyploid 
plants. Science, 320(5875), 481-483. 
 
Li, B., Kuriyama, S., Moreno, M. and Mayor, R. (2009). The posteriorizing gene Gbx2 is 
a direct target of Wnt signalling and the earliest factor in neural crest induction. 
Development 136, 3267-3278 
 
Liedtke, W., & Friedman, J. M. (2003). Abnormal osmotic regulation in trpv4-/-mice. 
Proceedings of the National Academy of Sciences, 100(23), 13698-13703. 
 
Lin, C. H., Tsai, I. L., Su, C. H., Tseng, D. Y., & Hwang, P. P. (2011). Reverse effect of 
mammalian hypocalcemic cortisol in fish: cortisol stimulates Ca2+ uptake via 
glucocorticoid receptor-mediated vitamin D3 metabolism. PloS one, 6(8), e23689. 
 
Lin, Z., Chen, Q., Lee, M., Cao, X., Zhang, J., Ma, D., ... & Zhang, P. (2012). Exome 
sequencing reveals mutations in TRPV3 as a cause of Olmsted syndrome. The 




Luo, J., & Hu, H. (2014). Thermally activated TRPV3 channels. In Current topics in 
membranes (Vol. 74, pp. 325-364). Academic Press. 
 
Magdaleno, S., Jensen, P., Brumwell, C. L., Seal, A., Lehman, K., Asbury, A., ... &  
Norland, S. M. (2006). BGEM: an in situ hybridization database of gene expression in 
the embryonic and adult mouse nervous system. PLoS biology, 4(4), e86. 
 
Malinow, R., & Malenka, R. C. (2002). AMPA receptor trafficking and synaptic plasticity. 
Annual review of neuroscience, 25(1), 103-126. 
 
Mangos, S., Liu, Y., & Drummond, I. A. (2007). Dynamic expression of the osmosensory 
channel trpv4 in multiple developing organs in zebrafish. Gene Expression Patterns, 
7(4), 480-484. 
 
Marchak, A., Grant, P. A., Neilson, K. M., Majumdar, H. D., Yaklichkin, S., Johnson, D., 
& Moody, S. A. (2017). Wbp2nl has a developmental role in establishing neural and 
non-neural ectodermal fates. Developmental biology, 429(1), 213-224. 
Martin, S. J., Grimwood, P. D., & Morris, R. G. (2000). Synaptic plasticity and memory: 
an evaluation of the hypothesis. Annual review of neuroscience, 23(1), 649-711. 
 
McMahon, A. P., Aronow, B. J., Davidson, D. R., Davies, J. A., Gaido, K. W., 
Grimmond, S., ... & Zhang, P. (2008). GUDMAP: the genitourinary developmental 
molecular anatomy project. Journal of the American Society of Nephrology, 19(4), 667-
671. 
 
Mizuno, A., Matsumoto, N., Imai, M., & Suzuki, M. (2003). Impaired osmotic sensation 
in mice lacking TRPV4. American Journal of Physiology-Cell Physiology, 285(1), C96-
C101. 
 
Montell, C. (2005). The TRP superfamily of cation channels. Science Signaling, 
2005(272), re3-re3. 
 
Moore, C., & Liedtke, W. B. (2017). Osmomechanical-Sensitive TRPV Channels in 
Mammals. 
 
Na, T., & Peng, J. B. (2014). TRPV5: a Ca 2+ channel for the fine-tuning of Ca 2+ 
reabsorption. In Mammalian Transient Receptor Potential (TRP) Cation Channels (pp. 




Nicholas, J. S. (1957). Results of Inversion of Neural Plate Material Author. Proceedings 
of the National Academy of Sciences of the United States of America, 43(6), 542–545. 
 
Niehrs, C. (2004). Regionally specific induction by the Spemann–Mangold organizer. 
Nature Reviews Genetics, 5(6), 425-434. 
  
Nieuwkoop P. D. & Albers B. (1990). The role of competence in the cranio-caudal 
segregation of the nervous system Development, Growth & Differentiation, 32(1), 23–31 
 
Nieuwkoop, P. D. (1952). Activation and organization of the central nervous system in 
amphibians. Part I. Induction and activation. Journal of Experimental Zoology Part A: 
Ecological Genetics and Physiology, 120(1), 1-31. 
 
Nieuwkoop, P. D., & Faber, J. (1967). Normal table of Xenopus laevis (Daudin): A 
Systematical and Chronological Survey of the Development from the Fertilized Egg Till 
the End of Metamorphosis (2nd ed.). Amsterdam: North-Holland Publishing Company. 
 
Nijenhuis, T., Hoenderop, J. G., Nilius, B., & Bindels, R. J. (2003). (Patho) physiological 
implications of the novel epithelial Ca2+ channels TRPV5 and TRPV6. Pflügers Archiv, 
446(4), 401-409. 
 
Nijenhuis, T., Hoenderop, J. G., van der Kemp, A. W., & Bindels, R. J. (2003). 
Localization and regulation of the epithelial Ca2+ channel TRPV6 in the kidney. Journal 
of the American Society of Nephrology, 14(11), 2731-2740. 
 
Nilius, B., & Bíró, T. (2013). TRPV3: a ‘more than skinny’channel. Experimental 
dermatology, 22(7), 447-452. 
 
Nilius, B., & Owsianik, G. (2011). The transient receptor potential family of ion channels. 
Genome biology, 12(3), 218. 
 
Nilius, B., Bíró, T., & Owsianik, G. (2014). TRPV3: time to decipher a poorly understood 
family member!. The Journal of physiology, 592(2), 295-304. 
 
O’Neil, R. G., & Brown, R. C. (2003). The vanilloid receptor family of calcium-permeable 
channels: molecular integrators of microenvironmental stimuli. Physiology, 18(6), 226-
231. 
 
O‘Neil, R. G., & Heller, S. (2005). The mechanosensitive nature of TRPV channels. 




Owens, N. D., Blitz, I. L., Lane, M. A., Patrushev, I., Overton, J. D., Gilchrist, M. J., ... & 
Khokha, M. K. (2016). Measuring absolute RNA copy numbers at high temporal 
resolution reveals transcriptome kinetics in development. Cell reports, 14(3), 632-647. 
 
Pan, Y. A., Choy, M., Prober, D. A., & Schier, A. F. (2012). Robo2 determines subtype-
specific axonal projections of trigeminal sensory neurons. Development, 139(3), 591-
600. 
 
Park, U., Vastani, N., Guan, Y., Raja, S. N., Koltzenburg, M., & Caterina, M. J. (2011). 
TRP vanilloid 2 knock-out mice are susceptible to perinatal lethality but display normal 
thermal and mechanical nociception. Journal of Neuroscience, 31(32), 11425-11436. 
 
Patapoutian A, Tate S, Woolf CJ (2009). Transient receptor potential channels: 
targeting pain at the source. Nat Rev Drug Discov 8: 55–69. 
 
Pilon, N., Oh, K., Sylvestre, J.-R., Savory, J. G. A. and Lohnes, D. (2007). Wnt signaling 
is a key mediator of Cdx1 expression in vivo. Development 134, 2315-2323. 
 
Pownall, M. E., Tucker, A. S., Slack, J. M., & Isaacs, H. V. (1996). eFGF, Xcad3 and 
Hox genes form a molecular pathway that establishes the anteroposterior axis in 
Xenopus. Development, 122(12), 3881-3892. 
 
Prince, V., & Lumsden, A. (1994). Hoxa-2 expression in normal and transposed 
rhombomeres: independent regulation in the neural tube and neural crest. 
Development, 120(4), 911-923. 
 
Rajasekhar, P., Poole, D. P., & Veldhuis, N. A. (2017). Role of nonneuronal TRPV4 
signaling in inflammatory processes. In Advances in Pharmacology (Vol. 79, pp. 117-
139). Academic Press. 
 
Roach, F. C. (1945). Differentiation of the central nervous system after axial reversals of 
the medullary plate of Amblystoma. Journal of Experimental Zoology, 99(2), 53–77. 
  
Rong, W., Hillsley, K., Davis, J. B., Hicks, G., Winchester, W. J., & Grundy, D. (2004). 
Jejunal afferent nerve sensitivity in wild‐ type and TRPV1 knockout mice. The Journal 
of physiology, 560(3), 867-881. 
 
Rosenberg, S. S., & Spitzer, N. C. (2011). Calcium signaling in neuronal development. 




Ruiz, C., Gutknecht, S., Delay, E., & Kinnamon, S. (2006). Detection of NaCl and KCl in 
TRPV1 knockout mice. Chemical senses, 31(9), 813-820. 
 
Saha, M. S., & Grainger, R. M. (1992). A Labile Period in the Determination of the 
Anterior-Posterior Axis during Early Neural Development in Xenopus. Neuron, 8, 1003–
1014. 
  
Saito, S., & Shingai, R. (2006). Evolution of thermoTRP ion channel homologs in 
vertebrates. Physiological genomics, 27(3), 219-230. 
 
Saldivar, J. R., Krull, C. E., Krumlauf, R., Ariza-McNaughton, L., & Bronner-Fraser, M. 
(1996). Rhombomere of origin determines autonomous versus environmentally 
regulated expression of Hoxa-3 in the avian embryo. Development, 122(3), 895-904. 
 
Schilling, T. F., Prince, V., & Ingham, P. W. (2001). Plasticity in zebrafish hox 
expression in the hindbrain and cranial neural crest. Developmental biology, 231(1), 
201-216. 
 
Schlichting, C. D., & Smith, H. (2002). Phenotypic plasticity: linking molecular 
mechanisms with evolutionary outcomes. Evolutionary Ecology, 16(3), 189-211. 
 
Seo S, Richardson GA, Kroll KL (2005) The SWI/SNF chromatin remodeling protein 
Brg1 is required for vertebrate neurogenesis and mediates transactivation of Ngn and 
NeuroD. Development 132(1):105–115 
 
Session, A. M., Uno, Y., Kwon, T., Chapman, J. A., Toyoda, A., Takahashi, S., ... & van 
Heeringen, S. J. (2016). Genome evolution in the allotetraploid frog Xenopus laevis. 
Nature, 538(7625), 336-343. 
 
Shibasaki, K. (2016). Physiological significance of TRPV2 as a mechanosensor, 
thermosensor and lipid sensor. The Journal of Physiological Sciences, 66(5), 359-365. 
 
Shibasaki, K., Murayama, N., Ono, K., Ishizaki, Y., & Tominaga, M. (2010). TRPV2 
enhances axon outgrowth through its activation by membrane stretch in developing 
sensory and motor neurons. Journal of Neuroscience, 30(13), 4601-4612. 
 
Simon, H., Hornbruch, A., & Lumsden, A. (1995). Independent assignment of antero-
posterior and dorso-ventral positional values in the developing chick hindbrain. Current 




Sive, H. L., Draper, B. W., Harland, R. M., & Weintraub, H. (1990). Identification of a 
retinoic acid-sensitive period during primary axis formation in Xenopus laevis. Genes & 
Development, 4(6), 932-942. 
  
Sive, H. L., Grainger, R. M., & Harland, R. M. (2000). Early Development of Xenopus 
laevis: A Laboratory Manual. Cold Spring Harbor: New York. 
  
Skipper, M., Weiss, U., & Gray, N. (2010). Plasticity. Nature, 465(7299), 703-703. 
  
Slack, J. M. W. (1991). The concepts of experimental embryology. In J. M. W. Slack 
(Ed.), From Egg to Embryo: Regional Specification in Early Development (2nd ed., pp. 
9–33). Cambridge: Cambridge University Press. 
 
Slack, J. M., & Tannahill, D. (1992). Mechanism of anteroposterior axis specification in 
vertebrates. Lessons from the amphibians. Development, 114(2), 285-302. 
  
Sládeček, F. (1955). Regulative tendencies of the central nervous system during 
embryogenesis of the axolotl (Amblystoma mexicanum Cope). II. Regulation after 
simultaneous inversion of anteroposterior and medio-lateral axes of medullary plate. 
Acta Societatis Zoologicae Bohemoslovacae, 19, 138–149. 
  
Solini, G.E., Dong, C., & Saha, M. (2017). Embryonic transplantation experiments: Past, 
present, and future. Trends in Developmental Biology, 10, 13 – 30. 
 
Song, Y., Zhan, L., Yu, M., Huang, C., Meng, X., Ma, T., ... & Li, J. (2014). TRPV4 
channel inhibits TGF-β1-induced proliferation of hepatic stellate cells. PloS one, 9(7), 
e101179. 
 
Spemann, H. (1906). Uber eine neue Methode der embryonal Transplantation. 
Verhandlungen Der Deutschen Zoologischen Gesellschaft, 16, 195–202. 
 
Spemann, H. (1912). Uber die Entwicklung umgedrehter Hirnteile bie 
Amphibien-embryonen. Zoologische Jahrbüche, 3, 1–48. 
  
Staudt, N., & Houart, C. (2007). The prethalamus is established during gastrulation and 




Summerton, J., & WELLER, D. (1997). Morpholino antisense oligomers: design, 
preparation, and properties. Antisense and Nucleic Acid Drug Development, 7(3), 187-
195. 
 
Suzuki, M., Mizuno, A., Kodaira, K., & Imai, M. (2003). Impaired pressure sensation in 
mice lacking TRPV4. Journal of Biological Chemistry, 278(25), 22664-22668. 
 
Szallasi, A., Cortright, D. N., Blum, C. A., & Eid, S. R. (2007). The vanilloid receptor 
TRPV1: 10 years from channel cloning to antagonist proof-of-concept. Nature reviews 
Drug discovery, 6(5), 357. 
 
Szaro, B., Ide, C., Kaye, C., & Tompkins, R. (1985). Regulation in the neural plate of 
Xenopus laevis demonstrated by genetic markers. Journal of Experimental Zoology Part 
A: Ecological Genetics and Physiology, 234(1), 117-129. 
 
Tabuchi, K., Suzuki, M., Mizuno, A., & Hara, A. (2005). Hearing impairment in TRPV4 
knockout mice. Neuroscience letters, 382(3), 304-308. 
 
Tadjuidje, E., & Heasman, J. (2010). Xenopus as an Experimental Organism. eLS. 
 
Tuazon, F. B., & Mullins, M. C. (2015, June). Temporally coordinated signals 
progressively pattern the anteroposterior and dorsoventral body axes. In Seminars in 
cell & developmental biology (Vol. 42, pp. 118-133). Academic Press. 
 
van de Ven, C., Bialecka, M., Neijts, R., Young, T., Rowland, J. E., Stringer, E. J., van 
Rooijen, C., Meijlink, F., Nóvoa, A., Freund, J.-N. et al. (2011). Concerted involvement 
of Cdx/Hox genes and Wnt signaling in morphogenesis of the caudal neural tube and 
cloacal derivatives from the posterior growth zone. Development 138, 3451-3462. 
van der Eerden, B. C., Hoenderop, J. G., de Vries, T. J., Schoenmaker, T., Buurman, C. 
J., Uitterlinden, A. G., ... & van Leeuwen, J. P. (2005). The epithelial Ca2+ channel 
TRPV5 is essential for proper osteoclastic bone resorption. Proceedings of the National 
Academy of Sciences of the United States of America, 102(48), 17507-17512. 
Vandecraen, J., Chandler, M., Aertsen, A., & Van Houdt, R. (2017). The impact of 





Vennekens, R., Hoenderop, J. G., Prenen, J., Stuiver, M., Willems, P. H., Droogmans, 
G., ... & Bindels, R. J. (2000). Permeation and gating properties of the novel epithelial 
Ca2+ channel. Journal of Biological Chemistry, 275(6), 3963-3969. 
 
Voets T, Droogmans G, Wissenbach U, Janssens A, Flockerzi V, Nilius B: The principle 
of temperature-dependent gating in cold- and heat-sensitive TRP channels. Nature. 
2004, 430: 748-754. 10.1038/nature02732. 
 
Vrenken, K. S., Jalink, K., van Leeuwen, F. N., & Middelbeek, J. (2016). Beyond ion-
conduction: Channel-dependent and-independent roles of TRP channels during 
development and tissue homeostasis. Biochimica et Biophysica Acta (BBA)-Molecular 
Cell Research, 1863(6), 1436-1446. 
 
Waddington, C. H., & Yao, T. (1950). Studies on Regional Specificity Within the 
Organization Centre of Urodeles. Journal of Experimental Biology, 27, 126–144. 
 
Wallingford, J. B., Ewald, A. J., Harland, R. M., & Fraser, S. E. (2001). Calcium 
signaling during convergent extension in Xenopus. Current Biology, 11(9), 652-661. 
 
Webb, S. E., & Miller, A. L. (2006). Ca2+ signaling during vertebrate somitogenesis.  
Acta Pharmacologica Sinica, 27(7), 781-790. 
Weissgerber, P., Kriebs, U., Tsvilovskyy, V., Olausson, J., Kretz, O., Stoerger, C., ... & 
Flockerzi, V. (2012). Excision of Trpv6 gene leads to severe defects in epididymal Ca2+ 
absorption and male fertility much like single D541A pore mutation. Journal of Biological 
Chemistry, 287(22), 17930-17941. 
 
Wilson, P. A., Lagna, G., Suzuki, A., & Hemmati-Brivanlou, A. (1997). Concentration-
dependent patterning of the Xenopus ectoderm by BMP4 and its signal transducer 
Smad1. Development, 124(16), 3177-3184. 
 
Winterbottom, E. F., Ramsbottom, S. A., & Isaacs, H. V. (2011). Gsx transcription 
factors repress Iroquois gene expression. Developmental Dynamics, 240(6), 1422-
1429. 
 
Wullimann, M. F., Rink, E., Vernier, P., & Schlosser, G. (2005). Secondary 
neurogenesis in the brain of the African clawed frog, Xenopus laevis, as revealed by 
PCNA, Delta‐ 1, Neurogenin‐ related‐ 1, and NeuroD expression. Journal of 




Young, J. J., Kjolby, R. A., Kong, N. R., Monica, S. D., & Harland, R. M. (2014). Spalt-
like 4 promotes posterior neural fates via repression of pou5f3 family members in 
Xenopus. Development, 141(8), 1683-1693. 
